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This dissertation addresses the question of the frac­
ture behaviour of notched concrete and mortar beams. 
The major purpose of the work was to study the develop­
ment of the micro-cracked zone and identify the point 
at which main crack growth began, and thus to charac­
terise concrete and mortar at the start of main crack 
growth.
Notched concrete and mortur beams of width 100 mm, 
depth either 200 mm or 300 nun, and with a span/depth 
ratio of three, were tested. Measurements of midspan 
deflection, midspan load, surface displacements across 
the fracturing section and ultrasonic pulse transit 
time were made. Ordinary Portland cement and mineral 
aggregates were used for the concrete and mortar 
beams.
The J'■integral, surface displacements across the frac­
turing section and ultrasonic pulse transit time mea­
surements were used to detect the onset of main crack 
growth. It was found that a reduction in the load car­
rying capacity of concrete and mortar is possible due 
to micro-cracking only. The value of the J-integral 
at the start of main crack growth was found to be es­
sentially the same for concrete and mortar. The value 
of the J-integral at the start of micro-cracking was
■ <
found to be essentially the same for concrete and 
mortar, and about 40% of the value of the J-integral 
at the start of main crack growth. The value of the 
J-integral at the start of micro-cracking and at the 
start of main crack growth was found, on average, to 
increase for an increase in beam depth.
Surface displacements across the fracturing section 
showed the tension zone at the start of main crack 
growth to be approximately twice the size of the com­
pression zone for both concrete and mortar. The'size 
of the micro-cracked zone, as determined from surface 
displacements across the fracturing section, was found 
to be 42% of the residual ligament depth for concrete, 
and 41% of the residual ligament depth for mortar.
Scatter in the results was found to be considerable, 
thus meaning that only general trends could be identi-
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INTRODUCTION
1.1 FRACTURE OF CONCRETE AND CEMENTED MATERIALS
Concrete is used for applications which cover a tremen­
dous range of complexity and sophistication. Methods 
for control of material performance are necessary at 
all stages of design and construction to ensure beha­
viour consistent with ti. - function and importance at 
the structure. Standard testing procedures are used 
to give an idea of the bulk performance of the mate­
rial, but as yet no reliable methods for specific pro­
perties such as durability and cracking resistance 
have been developed.
The principles of linear-elastic fracture mechanics 
(LEFM) and, more recently, non-linear fracture mecha­
nics (NLFM) have been applied to concrete1'2'3, but 
only with limited success. Concrete and mortar are 
very difficult to model due to their complex heteroge­
neity, and for this reason a considerable amount of 
work Is still necessary to ensure the development of 
design related parameters in fracture. One of the 
most difficult aspects of fracture tests on cemented 
materials is the identification of the various types 
of cracking during loading, for example micro-cracking
t
or main crack growth. Many fracture mechanics parame­
ters rely on accurate determination of crack lengths, 
and other parameters relate to identification of the 
exact instant of crack initiation within a specimen. 
This dissertation represents an attempt to identify 
the point of main crack initiation during the fracture 
process and deals with characterisation of the frac­
ture behaviour of concrete and mortar specimens at 
this point,
1.2 DEFINITIONS
The materials examined in this investigation were con­
crete and mortar. The following definitions apply.
1.2.1 CEKEHTITIOUS MATERIALS
A material based on Portland cement as binder, general­
ly comprising an intimate mixture of binder water and 
mineral aggregates.
1.2.2 CONCRETE
A cemented material comprising an intimate mixture of 
hardened cement paste and fins and coarse aggregates, 
where the size of the coarse aggregate particles ex­
ceeds 4,75 mm. The material may be regarded as coarse 




A cemented material comprising an intimate mixture of 
hardened cement paste and fine aggregate particles of 
maximum size 4,75 mm.
1.2.4 LINEAR ELASTIC FRACTURE MECHANICS (LEFM)
This refers to fracture mechanics formulations based 
on the assumption that the material is a homogeneous, 
perfectly linear elastic, isotropic continuum.
1.2.5 NON-LINEAR FRACTURE MECHANICS (NLFM)
This refers to fracture mechanics formulations based 
on the assumption that the material exhibits 
non-linear, pseudo-plastic behaviour, (e.g. a material 
such as concrete).
1.2.6 STRESS-FREE CRACK (ALSO CALLED MAIN CRACK)
A physical cleavage in the material extending from a 
notch (in the case of notched beams as tested in this 
work) or some other stress raiser and which has no 
stress transfer between the crack faces.
1.2.7 MICRO-CRACKED ZONE
A zone which includes a zone of aggregate pull-out and
immediately
Dgramne of testing in
produced
A detailed study of
3. characterisation of the fracture behaviour of con­
crete as well as a coarse-grained mortar.
4. Investigation of the use of ultrasonic pulse 
velocity techniques for the detection of cracking.
5. Development of an experimental technique to reduce 
specimen support friction.
1.4 ORGANIZATION OF THE DISSERTATION
The dissertation is divided into three parts as fol-
PART I FRACTURE MECHANICS AND CONCRETE - A REVIEW
This part forms Chapter 2 and consists of a summary of 
the highlights of past experimental work on fracture 
mechanics. Basic concepts are discussed and the appli­
cation of these concepts to cemented materials is 
dealt with.
PART II EXPERIMENTAL WORK
This part forms Chapters 3 and 4. Details of mate­
rials, mixing and casting procedures, test equipment, 
test procedures, data collection and processing, and 
materials control tests are given. Examples of 
various data records are also presented.
PART III ANALYSIS AND INTERPRETATION OF DATA FROM 
FRACTURE TESTS
This part forms chapters 5, 6 and 7. It deals with 
fracture zone measurements and identification of 
various types of cracking using displacement profile 
measurements and ultrasonic pulse techniques. These 
results are used to characterise the fracture of con­
crete and mortar beams especially at the point of 
changeover from micro-cracking to main crack growth. 
The closing Chapter 7 summarises the results• and 
offers suggestions for further research.
&
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brittle can exhibit ductile failure under certain 
conditions, and vice versa. These factors have led to 
the search for alternative ways of explaining material 
behaviour.
The first significant fracture development research 
came from Griffith5. He used the concept of energy 
conservation to relate the stored strain energy of a 
loaded elastic brittle material to the surface energy 
of the cracks produced during cracking. He also 
reasoned that structural flaws played a major role in 
determining the effective service strengths of various 
materials.
Griffith proposed that for a crack to propagate the 
release of stored strain energy of an elastic material 
during fracture was just sufficient to overcome the 
surface energy requirement of the new crack surfaces 
of the material when it fails. He showed that the 
stress crt required to just separate two layeru of 
atoms x mm apart was
6 -
Young's Modulus.
Surface Energy, (or elastic work term)
/Using this equation, the intrinsic failure strength of 
ordinary materials was predicted to be about ten to 
one hundred times greater than their actual bulk 
strength. Griffith , during his work on the tensile 
strength of thin glass fibres, found that the thinner 
the fibre he tested, the greater was its strength. The 
extrapolated strengths of near zero diameter fibres in 
fact very closely approximated the theoretical 
strength predicted by his tensile strength equation.
Orowan^ reported that for certain materials the more 
important flaws in a material appear on the surface 
rather than in the interior. These flaws cause large 
stress concentrations vhieh in turn break local bonds 
by overstressing, long before the bulk stress of the 
material reaches critical values. A crack initiates 
in this way and travels in a continuous manner of 
stress transfer until failure occurs, at a stress well 
below the theoretical value. However, not all mate­
rials fail by the spread of a crack from a looal de­
fect and this modfel is only applicable to homogeneous 
materials in the elastic regime. Another method of 
failure is that of plastic flow where failure occurs 
by shearing or ductile microvoid coalescence. Mate­
rials that are brittle at normal temperatures require 
a very high stress to initiate plastic flow and hence 
fail in a brittle manner. Conversely, materials that 
are ductile at normal temperatures require a rela­
tively lower stress for plastic flow to occur and 
therefore usually fall in a ductile manner.
Orowan accomodates this by extending Griffith's origi­
nal equation 2.1 and including a so called plastic 
work term p which is discussed in more detail in sec-
2.1.2 CONDITIONS FOR FRACTURE
Two conditions must be fulfilled for a crack to propa­
gate in a material. Firstly, it must be energetically 
feasible, and secondly there must be a molecular mecha­
nism by which the energy transformation can occur.
(i) The Griffith criterion
The Griffith criterion of energetic feasibility, as 
has already been mentioned, states that crack propaga­
tion will only occur if the strain energy released 
upon crack growth is sufficient to provide the surface 
energy that is required for the new crack surfaces.
Therefore the condition for crack growth is:
where U is the elastic strain energy, W the surface 
energy required for crack growth, and dc the increment 
of crack extension.




(b) internal crack (from ref 4)
t  •
is replaced by G to give
Where E is Youngs modulus and where <3 is known as the 
"elastic strain energy release rate". Note that the
The energy consumed in crack propagation is denoted by
energy required to produce a crack is the same for 
each increment dc, but in most practical situations R 
varies non-linear]y but monotonically with crack
strain energy release rate is achieved, ie when tin 
strain energy release during crack growth equals cr ex 
ceeds the energy requirement of the fracture surfaces.
Now W = 4*c where % is the unit surface energy of
the crack and It = —  — 4 8
Therefore at crack instability:
(Griffith's equation)
Griffiths's assumptions for the derivation of this for-
1. The material is perfectly linearly elastic up to
the point of brittle fracture.
2. The volume of destressed material due to the pre­
sence of the crack is equal to half the volume of 
an ellipse of major axis 4c.
3. The crack resistance H is a linear function of
crack depth c and is therefore constant for an
increment dc.
In more practical terms, Griffith's equation 2.2 can
be explained as follows:-
1. The release of strain energy is proportional to
the square of the crack depth, while the surface
energy increases in direct proportion to the
crack depth. Therefore the rate of release of 
strain e.iergy increases with increasing crack 
depth while the rate of demand of surface energy 
is constant.
2. A shallow crack consumes more surface energy than 
it releases strain energy until a critical depth 
cc is reached, called the point of instability, 
where the propagating crack begins to release 
mors stored strain energy than it consumes.
Stable crack growth occurs for c < cc, and
spontaneous unstable crack growth occurs for c >
The above is best illustrated by FIG. 2.2 which plots 
the surface energy requirement and the elastic strain 
energy release as functions of c.
2.1.3 THE STRESS AT A CRACK TIP
The Griffith criterion represents a condition that is 
necessary for a crack to propagate in an elastic 
brittle material but is not always sufficient for this 
to occur.
A material must be able to have molecular bonds at a 




Creek Growth j Spontaneous Propagation
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ideal Griffith
place. The molecular mechanism for crack propagation
At a crack tip, the ratio between the maximum local 
stress OJaax and the bulk stress a is given by Kt , 
the stress concentration factor:
Where r is the crack tip radius and c is the crack 
length for a surface crack and half the crack length 
for an internal crack. In a brittle material, r re­
mains approximately constant while c increases as 
crack growth takes place. Therefore K steadily increa­
ses and the energy balance becomes more favourable for 
crack propagation. This leads to rapid failure.
2.1.4 THE EFFECTIVE FRACTURE SURFACE ENERGY CONCEPT
The surface energy & os proposed by Griffith and appea­
ring in equation 2.2 has often proved numerically elu­
sive for researchers. Griffith envisaged tfe* being the 
pure free surface energy resulting from the creation 
of new fracture surfaces. The material is assumed to 
be homogeneous and linear elastic right up to fracture 
(i.e. perfectly brittle). This is not true since most 
materials exhibit some ductility (plastic or pseudo­
plastic deformation) before failure.
is facilitated by the concept.
The energy balance then actually exists between the 
elastic energy release and the total work done in 
propagating the crack, as pointed out by Blight7. 
This work includes the free surface energy of the 
fracture surfaces, as well as the plastic work con­
sumed at the crack tip during propagation, and any 
other energy-absorbing mechanisms linked with frac­
ture. Mathematically :- .
Y - Y s + *p (2.4)
5$ represents the total work of fracture, and i s
X g represents the free surface energy.
%p represents the plastic work plus any other work 
required for fracture. In practice usually jfp » X S
particularly for metals. This substantiates the
inadequacy of considering the pure free surface energy
2.2 FRACTURE MECHANICS AND CIMENTED MATERIALS
2.2.1 INTRODUCTION
This chapter has dealt so far with the fundamental ap­
proach to fracture mechanics. It is clear that the 
models proposed by Griffith are not a sufficiently 
good representation of the fracture process for cemen­
ted materials since they greatly simplify the mecha­
nism of cracking and assume the existence cf a perfect­
ly homogeneous linear elastic material.
The experimental work covered by this dissertation 
does not cover all the aspects of fracture mechanics 
developed to date. Instead, certain important areas 
were selected and applied to the results. These areas 
had to do with mainly NON LINEAR FRACTURE MECHANICS 
(NLFM) theory.
For the sake of completeness, many of the important 
parameters both from LINEAR ELASTIC FRACTURE MECHANICS 
(LEFM) and NLFM are presented in this section in con­
densed form. The area coveted is, however, restricted 
to cemented materials.
The fracture resistance of concrete has been the sub­
ject of many past investigations (ref 1, pg 2). There 
has been, however, a tendency to borrow fracture mecha­
nics technology developed for metals and alloys and 
apply it directly to concrete. Parameters such as the 
critical strain energy release rate Gc or critical 
stress intensity factor Ke are often measured and 
documented. Their usefulness is suspect, however, 
since they generally apply to the instability of a 
single crack. In concrete, fracture of the aggrega­
tes, cracking of mortar and debonding of mortar and 
aggregate can occur before global instability of the 
Whole system. The theory of LEFM utilising Gc or
Kc or even non-linear fracture toughness parameters 
which depend on a single crack are basically inapplica­
ble because of their inability to take into account 
the intervening stage of micro-cracking.
The main concern is therefore to understand the behav­
iour of micro-cracked concrete systems and the mecha­
nics of damage accumulation. The most serious obsta­
cle in this area at present may not necessarily be the 
complexities of stress analysis, but rather determi­
ning the influence of local micro-cracking on global 
material behaviour,
2.2.2 A REVIEW OF SOME PAST EXPERIMENTAL WORK
2.2.2.1 INTRODUCTION
This section deals with previous experimental 
applications of both LEFM and NLFM to concrete and 
other cemented materials.
Areas accessed include: The determination of the frac­
ture parameter G? studies of fracture energy; 
affects of aggregate types and volumes on fracture 
parameters; the study of the fracture parameter K; 
the effects of notches on prismatic beams; the 
usefulness of the J-integral as a fracture parameter; 




2.2.2.2 THE EXPERIMENTAL WORK
The first experimental application of fracture mecha­
nics to concrete was carried out by M.F. Kaplan in 
1961*. He tested three different mixes using beams 
of 76 x 76 x 406 mm and 152 x 152 x 510 mm with vary­
ing notch depths. He found that G was approximately 
constant for different notch depths, although G for 
the smaller beams was roughly 38% less than for the 
larger beams. Four-point loading gave Gc values 
about 15% lower than those for three-point loading. 
Gc was, in general, about 12 times as large as that 
estimated from the surface energy of concrete. Kaplan 
concluded that LEFM provided an appropriate fracture 
criterion Cor concrete.
Glucklich9 carried out static and fatigue tests on 
1000 x 100 x 50 urn mortar beams in flexure. He found 
G to be about 7,5% lower in fatigue than in static 
tests and concluded that the strain energy release 
rate was applicable tor both types of loading. He 
found G to be independent of notch depth.
Moavenzadeh and Kuguel10 applied the Griffith Theory 
to several different concretes, mortars and cement 
pastes tested as beams (25 x 25 x 305 mm) in 3- point 
bending. A microscopic technique was used to estimate 
the true fracture area and it was found that the frac­
ture energy obtained was about ten times that calcula-
ted from theory. This suggested a zone of micro­
cracking ahead of the main crack. Koyanagi and 
Sakai11 investigated the crack arrest mechanism
discussed earlier by measuring K and G , using beams 
47 x 100 x 386 mm and a 10 mm notch, tested in three- 
point bending. They found that both bulk strength and 
E increased with increasing aggregate volumes and 
reasoned that aggregates must play a significant role 
in crack arrest during fracture. Also, G and K
showed an increase with increasing aggregate volume 
except for lightweight aggregates where Gc and Kc 
decreased for increasing aggregate volume.
Brown12 measured the K (fracture toughness) of
hardened cement paste and mortar using a compliance
technique to determine crack growth. He found that 
for the paste, K was independent of crack growth
while for mortar K increased with increasing crack 
growth. For both the paste and the mortar, crack 
growth initiated at a lower K value than was required 
to sustain it.
Blight13 made use of fracture energy in his approach 
to design of cemented materials using the effective 
fracture surface energy . His work was based on two
principlesi-
There is a simple equivalence between work done
on the structure or member in applying the ulti-
/
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mate load and the equivalent energy of the resul­
ting fracture surface.
In the absence of geometrical strees-raisera, the 
strength of the material will be governed by the 
presence of inherent starter flaws in the mate-
Blight13 reasoned that direct application of the 
Griffith energy equation 2.2 yielded a critical natu­
ral flaw size of about 10 nun for concrete and pavement 
materials such as cement treated bases. He based this 
on laboratory values for 8' • This flaw size compares 
veil with those found in cemented materials laid under 
normal working conditions. Blight then applied his 
theory to a number of practical problems associated 
with the cracking of roads with cement treated bases. 
He was able to predict typical crack spacings and 
flexural failure loads of unreinforced slabs subjected 
to line loads or heavy moving wheel loads.
Cooper and Figg14 conducted slow bend tests on 
hardened cement paste beams with sawn triangular 
notches. The work of fracture and surface energy were 
estimated from the area under the load deflection 
curves. From the Griffith equation, the critical flaw 
size was then calculated to be about 7 mm for dry 
specimens and 6 mm for wet specimens. This compares 
well with Blight's work as described above.
/
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In an effort to determine the applicability of LBf'M to 
concrete, Walsh15 tested beams ranging from 76 to 
380 mm deep and 255 to 1270 mm long. She calculated
K for each case and concluded that the minimum beam
depth for LBFM to be valid is 228 mm. Smaller mem­
bers, she found, may be notch insensitive and failure
loads can be related to the modulus of rupture of the
fracture section. This phenomenon was explained by 
reasoning that specimens must be large enough so that 
the zone of disturbance near a crack tip is small com­
pared to the specimen dimensions.
Mindess and Nadeau16 carried out tests on mortar and
concrete to determine whether K depends on the length
of the crack front. Notched beams with a constant 
length of 203,2 mm and depth of 50,8 mm but with the 
width (crack front length) varying from 45 to 254 mm
were cast and tested in 3-point bending. No dependen­
ce of fracture toughness on crack front length was 
found thus implying a plane strain condition.
In a similar study, Morita and Kato17 attempted to
determine the relationship between the fracture 
strength and fracture toughness of concrete using an 
acoustic emission technique. 100 x 100 x 420 mm beams 
with varying notch widths and notch depths were tested 
in 3-point bending. It was found that K was 
independent of notch width and notch depth, and that
/
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concrete is notch-insensitive for notch/depth ratios 
less than about 0,04.
The concept of N. ..'.near Fracture Mechanics was used 
by Halvorsen18 to measure the toughness of, amongst 
•ther things, different hardened cement paste and con­
crete mixes. He used the J-integral for this purpose 
and found that it dependent on specimen dimen­
sions, especially depth. Following further analysis, 
it was concluded that the J-integral might be useful 
in characterising fracture in cemented materials.
Use of the J-integral was also investigated by 
Rokugo19. He used notched beams of mortar, concrete 
and fibre reinforced concrete, tested in bending. Dif­
ferent methods of evaluating the J-integral were 
examined. Various beam sizes, aggregate sizes and 
notch depths were studied. Rokugo concluded '.hat the 
J-integral is a suitable criterion for fracture mecha­
nics in cemented materials.
To further reinforce the concept of the J-integral in 
fracture mechanics, Carrato20 studied notched mor­
tar, concrete and fibre-reinforced concrete beams in 
bending. He found Je to be independent of notch 
type, notch tip sharpness, or notch thickness. Notch 
depth became important only when the maximum aggregate 
size approached that of the uncracked ligament. Also, 
within the limited range of sizes tested, Jc was
independent of specimen size and did not vary between 
3-point and 4-point loading. Carrato concluded that 
the J-integral is very useful as a fracture criterion 
for both plain and fibre-reinforced concrete.
Kim et al21 carried out studies on mortar beams of 
varying size and notch/depth ratioj. Their results 
were in conflict with many obtained so far and nny 1-e 
listed as follows:
For all beam si/ Ihe nominal flextiriVi
strengths of notched hear. • - ire about 75% of
those of the unnotched beams.
K showed a high '.cat'c.vr but seswea to i ,e  indepen­
dent of notch/depth ratio.
The initial K value was .‘■dgliG.r tor deeper beams.
- Mter slow crack growth dvring loading was estima­
ted using compliance te<;*miqi2es, the recalculated 
K values showed a ’arver scatter than the K 
values based on the initial crack depth.
The authors therefore concluded that:
The compliance method for estimating slow crack 
growth is not accurate.
Notch effects can be measured, even .tn shallow 
The existence of a r.rue K for concrete is uncer-
The fracture toughness parameter G and its methods of
searched by Petersson22. His conclusions
The determination of G indirectly from 3-point 
bending tests is too dependent on specimen size 
to be of practical use.
A stable 3-point bending test can be used to
times greater than its depth. This
crack model fco analyse the results of a series of
G is strongly dependent
with higher G values foi 
<3 also increases with age and with decreasing
water/cement ratio.
aggregate qual’ty
G is not affected by maximum aggregate sizt
Z''\t
G increases to some extent with increasing
volume fraction of aggregates.
Wide scatter in the data can make conclusions un­
certain.
Nallathambi at al2fl tested beams in 3-point bending 
to determine the effects of specimen size and mix 
parameters on G . It was found, amongst other things,
G decreased with increasing notch/depth ratio.
G increased with increasing aggregate size.
G increased slightly with increasing specimen
G decreased with increasing specimen span.
Ale'.ander4 tested notched concrete beams of width 
100 mm and with depths ranging from 100 mm to 800 mm. 
Notch depth ratios ranged from 0,2 to 0,5. The beams 
were loaded at midspan and simply supported with a 
span/depth ratio of four. It was found, amongst other 
things, that:-
The 100 mm deep beams were notch-insensitive. 
For the larger beams, notch-sensitivity increased 
with increasing depth.
Support roller friction could adversely affect 
the results.
Compliance relationships, based on LEFM theory, 
were not entirely valid for concrete beams. There­
fore slow crack growth cannot be ignored in frac­
ture calculations.
concrete departed considerably from ideal elas­
tic-brittle behaviour during fracture. The ten­
sion zone size was roughly twice the compression
The micro-cracked zone reached a maximum size 
after which main crack growth began and the rela­
tive micro-cracked zone size remained constant.
Alexander4 highlighted required areas of future work 
with some uf the most important being
further studies of the micro-cracked zone using 
notched fracture beams:- in particular, confir­
mation of existing relationships for (a) the size 
of the zone in beams of different depth, (b) zone 
stresses relative to zone sizes, and (c) 
variation of zone sizes and zone stresses during 
crack growth.
Other researchers have also presented techniques and 
parameters for characterising fracture in cemented 
materials. Mention should be made of Bazant25, and
Hillerborg and colleagues26. Also the work of Shah 
and colleagues27 should be noted.
To close this section, the following conclusion, drawn 
by Mindess28, is presented.
After reviewing the applications of fracture mechanics 
to concrete with particular attention to the questions 
of notch sensitivity, the applicability of LEFM and 
the specimen size required for valid tests, Mindess
There is still no agreement on how best to charac­
terise the fracture of concrete.
There is probably almost no truly valid fracture 
data on concrete in the literature reviewed.
2.2.3 FRACTURE MODELS
2.2.3.1 INTRODUCTION
In the simplest case, concrete and movtar may be model­
led as composite materials consisting of two phases, 
hardened cement paste and aggregates. This, however, 
fails to describe the fracture behaviour of concrete. 
Both the aggregate and the paste exhibit brittle fai­
lure characteristics while the stress-strain curve of 
concrete deviates from linearity even at low levels,
^  ' - ! /
;, •
and has a descendinq slope after maximum load,29 
(FIG 2.3).
On a microscopic scale it has been observed that the 
deviation of the stress-strain diagram from linearity 
is linked to this growth of pre-existing bond 
cracks29. At higher loads continuous cracks - i.e. 
cracks combining bond cracks and mortar cracks - are
Crack propagation in concrete can be linked to the he­
terogeneity of the material on different levels. It 
has been postulated that cracks may follow very com­
plex paths30 and furthermore numerous cracks are 
formed in the vicinity of an initial crack, rather 
than one single crack. In addition, propagating 
cracks may be arrested by aggregate particles resul­
ting in multiple branching. Thus, the true crack 
surface in concrete, is considerably larger than the 
apparent nominal ciack surface31.
The fracture tnergy terra described earlier (section
2.1.4) must apply to the composite material rather 
than to discrete phases. The aggregates in concrete 
modify the stress field and impose an arresting action 
on the cracks, causing the fracture resistance of con­
crete to be greater than that of an equivalent paste. 
The crack-arresting function of the aggregates and 
mechanisms of micro-cracking give concrete a non-
and has a descending slope after maximum load,29
On a microscopic scale it has been observed that the 
deviation of the stress-strain diagram from linearity 
is linked to the growth of pre-existing bocvl 
cracks29. At higher loads continuous cracks - i.e.
cracks comb in.'ng bond cracks and mortar cracks - are 
formed.
crock propagation in concrete can be linked to t. 
terogendty of the material on different levels,
has been postulated that cracks nay follow very com­
plex paths30 and furthermore numerous cracks are 
formed in the vJnii.ity of an initial crack, rather 
than one single crack. In addition, propagating 
cracks may be arrested by aggregate particles resul­
ting in multiple branching. Thus, the true crack 
surface in concrete is considerably larger than the
apparent nominal crack surface31.
The fracture energy term described earlier (section
2.1.4) must apply to the composite material rattier 
than to discrete phases. The aggregates in concrete 
modify the stress field and impose an arresting action 
on the cracks, causing the fracture resistance of con­
crete to be greater than that of an equivalent paste. 
The crack-arresting function of the aggregates and 
mechanisms of micro-cracking give concrete a non-
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linear or pseudo-plastic nature, since these phenomena 
increase the energy demand for crack propagation32.
This phenomenon of apparent non-linear plasticity in 
concrete is best illustrated by reference to Gluck- 
lich's model for the fracture of a non-homogeneous ma­
terial33. It should be mentioned that there are many
fracture models in existence. For example: The Micro­
plane Model34 describes tensile strain softening due 
to micro-cracking, the Damage Model (ref 1, pg 50) de- 
sribes a decrease in elastic modulus and load relaxa­
tion at the crack tip, and the Cohesive Force Model 
(ref 1, pg 220) describes a cohesive force distribu­
tion behind the crack tip. However, to describe all 
these approaches in detail would be beyond the scope
of this dissertation. For this reason, one model, 
namely that due to Glucklich33, was chosen since it
helps with the understanding of the Griffith fracture 
concept (described earlier in this chapter) as ap­
plied to non-homogeneous materials.
2.2.3.2 THE GLUCKLICH MODEL
Firstly, it is necessary to point out the limitations 
of Griffi- s ideal case. His equation 2.2 can be 
interpreted as a term for surface energy demand rate,
4 # and a term for strain energy release rate, 2iriJ1c/E 
with these rates being expressed in terms of crack 
length c. This means that the energy demand is con-
' r
stant at 4If Jhile the energy release increases linear­
ly with crack length for a certain stress. So, a mate­
rial with a certain crack length c, under increasing 
stress would remain stable until a critical stress was 
reached, when it would become possible for crack
growth to occur and even to continue for subsequent de­
creasing stress. Since this case is ideal, it is pro­
bably never attained in a real situation and hence of 
a more complex model was proposed by Glucklich33,
Glucklich'e model applies Griffith's case to complex 
materials such as concrete and mortar and takes into 
account the question of effective surface energy as ex­
plained earlier in this chapter. FIG 2.4 shows a
probable energy balance for crack propagation in a com­
plex material. As the crack grows, so does the micro- 
cracked zone ahead of it. Therefore the energy re­
quirement curve is no longer a straight line but an 
in-, lasi.ig function of crack depth c. This curve 
becomes linear at point A when the micro-cracked zone 
has reached its maximum size for a particular case.
Consider an initial flaw or crack of depth c0 , in a
material under a global tensile stress C0. A grow­
ing crack is stopped at point c2, because of an 
increase in energy demand. The stress must then rise 
to 0^, before the crack continues to grow to c2, 
where it is once again stopped due to energy demand. 
This process com'-inues until point A is reached which
: /  
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represents the critical energy level - a point of in­
stability. At this stage both energy release and ener­
gy requirement are critical and unstable crack propaga­
tion follows. The dotted line drawn between the steps 
in FIG 2.4 represents the actual energy path followed. 
FIG 2.5 shows FIG 2.4 in terms of energy rates. The 
energy demand rate is shown by the bold black line and 
rapidly increases until point A is reached. It then 
remains at a constant maximum. At point A, spontaneous 
crack propagation is possible and can continue even 
for decreasing stress. This clearly explains the ten­
sile failure of a concrete specimen under increasing
The Glucklich33 model can be applied vary well to a 
multiphase material such as concrete. Concrete con­
sists of two or more distinct material phases with 
each phase having its own energy-requirement curve. 
This is shown in FIG 2.6 as curves of differing slope, 
with the toughest phase having the steepest slope. A 
crack of say depth ce would progress until depth
o1. At this stage, upon entering a tougher phase, 
the crack would stop and the overall stress would have 
to rise so as to overcome the energy demand of the 
tough phase. The tough phase therefore increases the 
overall toughness of the material. The crack arrest­
ing mechanism need not necessarily be a discrete 
phase, but can also be an interface such as the aggre- 
gate-paste interface in concrete.
Energy
crack propagating in a
brittle material under monotonically 








c ra ck  dep th  c
FIG 2.S Energy rate curve corresponding to FIG ; 
(from ref 4).
has a number of characteristics which suggest
these materials35:
Fracture when considered locally generally occurs
loading rate; a: 
:o static fatigue.
The ratio of tensile to compressive strength 1:
Aggregate-matrix interfaces produce stress concen­
trations which could easily be of such a magni-
that these materials are notch-sensitive, particu­
larly hardened cement paste. Ziegeldorf et al36
though not sufficient, condition for
E nergy requirem ent
Release
C rack dep th  c
FIG 2.6 Crack progressing in a bi-phase material 
(from ref 4)
Application of LEFM theory to any material is based on 
the assumption that the material is homogeneous and 
elastic on a global scale, and that the elastic modu­
lus E and Poisson's ratio V  are constant throughout 
the material. Concrete is, of course, both heteroge­
neous and discontinuous and therefore average values 
for the various properties are assumed.
It is appan.mt from the above that the application of 
fracture mechanics principles to cemented materials 
yields results which have a considerably lower confi­
dence level than the results obtained from the applica­
tion of fracture mechanics principles to metals and 
alloys. In view of the heterogeneity of cemented 
materials (when compared with metals) it is clear that 
considerable further research is required before valid 
fracture tests and parameters can be found, which will 
be useful for predicting structural performance at an 
engineering level.
2.2.4.1 LINEAR ELASTIC FRACTURE MECHANICS PARAMETERS
The two fracture parameters based on LEFM assumptions 
are the critical strain energy release rate Gc and 
the critical stress intensity factor Rc . For simple 
cases, Gc and Kc can be calculated analytically 
while in complex instances finite element methods or 






pg 425-429). For this reason, the strain energy ap­
proach described in the preceding section has distinct 
limitations. The stress-intensity approach, involving 
the parameters K or K,. is therefore now generally
preferred to the energy approach. The Kc parameter 
is often a more useful representation of a material 
for engineering applications, while Gc is more use­
ful when fracture mechanics is applied to material
development.
K0, the value of K at the point of instability of
crack growth in a material may be regarded as a mea­
sure of a material's fracture toughness or resistance 
to brittle fracture. The higher the value of K, the 
larger the crack that can be tolerated, and when a 
critical value Ke is reached, the crack will extend.
be written as:
Where *  = geometric correction factor 
a '• applied stress 
c = crack length.
The largest source of error in Kc {and Gc) measure­
ments is the uncertainty about the exact crack length 
at the point of instability for cementitious mate­
rials. Many techniques have been used to measure the
crack length, with ultrasonics showing good results 
more recent:r both for detecting the onset of main 
crack growth, and for continued monitoring of further 
crack growth (ref 66, pg 425-429).
The test methods to determine k include among others 
3-point and 4-point bending of notched rectangular 
beams, plate specimens with a centre crack, double 
cantilever buams, compac*- tension specimens and 
double-edge-tiiack<3d tests.
From the reported test data (ref 66, pg 425-429} it
seems that the two major factors affecting fracture 
toughness appear to be the matrix strength and the
type and volume concentration of aggregate particles 
acting as crack arresters. Addition of suitable 
aggregate can therefore increase fracture toughness,
although volume fraction, rather than grading, seems
to be more important. Also, higher volumes of aggre­
gate can bring about a progressive increase in tough­
ness with crack growth see FIG 2.7.
2.2.5 NON-LINEAR FRACTURE MECHANICS PARAMETERS
In cemented materials, considerable apparent plastici­
ty and large amounts of inelastic deformation prior to 
final failure oftan invalidate the application of LEFM 
theory. In those materials it is likely that both 
crack opening and crack extension occur at approximate-
methods is that they
ii)
iv)
J-integral and them approach will
in the vicinity of a 
opening of the notch 1 
analogous to Gc , and
k ' '
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Vsriacion of fracture toughness with crack growth of cement paste, 
mortar and concrete, (a) Notched beam, 4-point bending test.
(b) Double cantilever beam test. Aggregate sizes: F = fine 
(52-100 mesh), M = medium (14-25 mesh), MF = mixture of equal 
proportions of M and F, C - coarse (10-5mm) and G = graded
(10-100 mesh)
FIG 2.7 Variation of fracture toughness with crack 
growth in cement paste, mortar and concrete 
(from ref 66)
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C rack g row th  (mm) C rack growth (mm)
Variation of fracture toughness with crack growth of cement paste, 
mortar and concrete, (a) Notched beam, 4-point bending test.
(b) Double cantilever beam test. Aggregate sizes: P = fine 
(52-100 mesh), M = medium (14-25 mesh), HP = mixture of equal 
proportions of M and P, C = coarse (10-5mm) and G = graded 
(10-100 mesh)
FIG 2.7 Variation of fracture toughness with crack 
growth in cement paste, mortar and concrete 
(from ref 66)
to Kg. The COD can even be measured when there is
micro-cracking (or plastic flow in the case of ductile 
materials) ahead of the crack. It has been found, in 
general, that COD values depend to some extent on
specimen geometry.
2.2.5.2 THE PRINCIPLE OF THE J—INTEGRAL
Once it was realised that crack tip plasticity in 
cemented materials is large enough to influence the 
energy release rate associated with LEFM, the need for 
a more meaningful fracture parameter was recognised.
For this reason the J-integral, first proposed by 
Rice48, has been applied to cemented materials by 
several researchers in &n effort «■ invent the
problem of uncertainty in the crai ■ -ress field.
In its basic mathematical form the expression for the 
J-integral is given together with a diagram in FIG 
2.8. J is really a generalised relation for the
energy release due to crack propagation, which may
also be :;lid if there is appreciable crack tip 
plasticity It is, in its fundamental form, a path
independent line integral of energy density along a 
closed path around a crack.
From49 a physical viewpoint J may :.v interpreted as 
the energy per unit area of crack ...ivance (including 
non-linear behavior), or
f =  Path of  Integration, taken
counterclockw ise  a round th e  c rack  tip; 
W = Strain energy density; 
f =  Traction vector defined by  the  outw ard 
normal vector n on th e  path I ;
0 =  D isplacem ent vector; and 
s =  Arc length a long th e  path  f, 
d sz =  dx2 * dy2.
FIG 2.8 Fundamental expression of the J-Integral
where B - Crack Width 
U = work done 
c = Crack Length
Considerable work on developing the J-integral as an 
analytical tool for elastic-plastic crack-tip field 
analysis has been carried out by Begley and Landes50 
using a compliance technique. However, both this 
method and another one developed by Bucci et al51 
require several different specimens which must then be 
compared.
Obviously, a method for measuring J from a single spe­
cimen design (i.e. same initial crack size) would be 
much more desirable. One such method, developed by
Rice et al52, appears to offer the simplest single
specimen design technique for measuring J and was 
further developed by Landes and Begley53.
In this technique, bend-type specimens or compact ten­
sion specimens with a deep crack are loaded and J is
determined as a function of displacement from the 
expression:-
/A = Area under the load-displacement curve up 
to the point of maximum load
W = Specimen width
h = uncracked ligament depth 
(tor a beam, d-c)
Note that the constant 2.0 applies to the 'bend 
specimen, and is different for other specimen
In measuring A, the area under the curve, the area due 
to elastic unloading is included using a vertical line 
as shown in PIG 2.9.
It should be noted that path-independence of the 
J-integral has been shown thus far only by using the 
deformation theory of plasticity54 which does not al­
low for unloading. Therefore the J-integral fracture 
criterion is only valid up to the peak load; for con­
crete the point of peak load may not necessarily be 
the point of crack initiation. There is not yet a 
methodology to use the J-integral for stable crack 
growth55.
FIG 2.9 Definition of the area 'A' for determining
'
' -if
As a final point, Jc is exactly equal to Gc for 
linear-elastic materials, and it is only for 
non-linear materials that the preceding methodology 
need be adopted.
2.2.5.3 R-CURVE ANALYSIS (CRACK GROWTH RESISTANCE 
CURVES)
The R-curve concept56,57 was developed to incorpo­
rate slow cr; -k growth as an essential part of plane 
stress behaviour. Originally, it was applied to 
metals but has recently been extended for use in 
cemented materials. R-curves characterise the resis­
tance to fracture of materials during incremental slow 
stable crack extension. They provide a record of the 
toughness development as a crack is driven stably 
under increasing crack-driving forces.
An R-curve is a plot of crack growth resistance in a 
material as a function of actual or effective crack 
extension. Thus, the R-curve describes the variation 
in the crack growth resistance with crack length c.
During slow stable crack growth the energy release 
rate equals the energy consumption rate. Therefore:
G = R (R = energy consumption rate) (2.9)
As can be seen in FIG 2.10 the instantaneous values of
G during crack growth will indicate how 5 depends on 
crack size. R in fact increases during slow crack 
growth, as can be seen in fig 2.10. Also shown in FIG 
2.10 are lines indicating how G depends on crack size 
and applied stress.
During slow crack growth both G and R follow the line 
ABC (since G = R as stated above). After p crack ex­
tension LM the crack has reached a length c . This is 
the point of fracture instability because from this 
point on G follows the line CD and remains larger than 
R. The fracture condition here is the point of tangen-
The Method of R curve analysis involves the continuous 
measurement of load and slow stable crack growth. The
load values are converted to K values for the particu­
lar loading and structure! configuration. These K 
values can also be thought of as crack growth resis­
tance values or R values. The resulting plot of K (or 
R) versus crack growth at the K values is the R-curve.
The concept of an R-curve as shown in FIG 2.10 is very
similar to the Glucklich model33 dealt with in PIG's 
2.4 and 2.5. The Glucklich model considers the increas-




ing resistance to crack growth which occurs in a mul­
ti-phase material. The R-curve concept of increasing 
crack growth resistance fits in well with this model.
2.2.6 SUMMARY OF THE FRACTURE MECHANICS APPROACH TO 
CEMENTED MATERIALS
Fracture mechanics assumes the existence of a single 
flaw or crack that can, under increasing load, lead to 
complete fracture and failure of the material concern­
ed. LEFM assumes that this crack propagates within a 
homogeneous continuum which behaves in a brittle man­
ner with very little plastic deformation.
In cemented materials, especially "coarse grained" ma­
terials such as mortar and concrete, the constituents 
of the composite material are usually not small in 
comparison with the dimensions of a beam, a slab, or a 
column. Also, even in tension, concrete does not fail 
in a brittle manner. Concrete is a complex, hete­
rogeneous material that contains inherent flaws and 
cracks and has the added complication of aggregate 
matrix interfaces. When concrete fractures, it deve­
lops a fracture zone (as compared with a single crack) 
in which micro-cracking occurs, and therefore LEFM can 
only be considered to be a rough approximation of the 
real material behaviour. NLFM has been developed to 
attempt to include material heterogeneity but still
assumes the existence of a single crack instead of a 
zone of cracking.
At this stage, fracture mechanics is far from provi­
ding a complete approach to the fracture of cemented 
materials. What is even more lacking is the direct 
applicability of fracture mechanics principles to de­
sign in cemented materials.
2.2.7 CONCLUDING REMARKS
The comment by Mindess at the end of section 2.2.2.2 
illustrates the need for further work in the field of 
cemented materials.
Few researchers have attempted to explain or characte­
rise the phenomenon of micro-cracking in cemented mate­
rials, the work of Alexander4 being an attempt in 
this regard.
An understanding of the mechanism of fracture is essen­
tial for the development of more representative models 
in fracture mechanics and the key to understanding 
this mechanism lies in the identification of the 
various stages of cracking in heterogeneous materials 
such, as concrete. Alexander's work brought to notice 
the role of micro-cracking in concrete, and this dis­
sertation attempts to further the understanding of 
this process by attending to those aspects which posed
unanswered questions or required further investiga­
tion. From Alexander's work it was clear that there 
was considerable scope tor further investigation of 
the process of micro-cracking as well as the necessity 
for reducing support roller friction, which he found 
could adversely affect the results of a fracture 
test. With the above in mind, the objectives of this 
dissertation vere defined as:-
a detailed study o£ the early development of the 
micro-cracked zone with a view to investigating a 
fracture parameter at the start of main crack, 
growth.
a detailed study of the behaviour of the micro­
cracked zone at this point.
characterisation of the fracture behaviour of 
concrete and mortar at the start of main crack 
growth.





3.1 INTRODUCTION AND OBJECTIVES
The work of Alexander4, together with the background 
60 concrete and mortar fracture testing given in the 
literature survey presented in the previous section, 
has drawn attention to those aspects of fracture that 
require further investigation. These include fracture 
processes in notched concrete and mortar beams, inclu­
ding the presence, extent, and influence of micro- 
craoking as outlined at the end of the previous sec-
The effects of specimen depth and notch depth and 
their influence on the micro-cracked zone have also
shown a need for further research. A series of tests
was therefore carried out to investigate the above 
points. These tests were spread over a period of 7 
months and were performed on notched concrete and 
mortar beams of various sections and depths. Test 
apparatus and instrumentation was designed and built 
to allow continuous, accurate monitoring of fracture 
processes. This chapter describes details of speci­
mens, mixes and materials, test equipment and testing 
procedures. It also deals with results of materials 
control tests and certain aspects of the fracture test 
results.
  . , .
The work carried out by Alexander4 examined the pro­
blems of plane strain fracture testing of cemented 
materials. Seve- questions were left unanswered and
it was these qu-e.cions that prompted specific objec­
tives to be defined for the present fracture testing 
programme. These objectives (which are outlined in
more detail at the end of the previous section) were:
1. To investigate the processes of fracture by the 
study and analysis of load-deflection curves and 
continuous measurement of displacement profiles 
across a fracturing section obtained during frac­
ture tests. Ultrasonic pulse velocity measure­
ments were also used.
2. To make a detailed study of the early development 
of the micro-cracked rone with a view to determi­
ning a fracture parameter at the initiation of 
main crack growth, and also with the aim of study­
ing the stresses associated with this process.
3. To develop an experimental technique to overcome 
the problem of support friction.
3.2 DETAILS OF SPECIMENS
A total of thirty concrete and mortar beams with 
depths of either 200mm or 300mm, and notch depths of 
40mm, 60mm, aomm or 120mm were cast and tested to
determine their fracture characteristics.
Two series of frac-'ire tests (one on concrete and one 
on mortar) were carried out. Series ’A' consisted of 
18 prismatic, notched constant section concrete beams 
with support spans of 600mm or 900mm, and depths of 
200mm or 300mm respectively. The span / depth ratio 
was constant at three. These beams had notch / depth 
ratios ranging from 0,2 to 0,4. Series 'B' consisted 
of 12 prismat; notched constant section mortar beams 
with dimensions identical to those in series 'A1, dif­
fering only in that they were made front a coarse-grain­
ed mortar and not concrete.
The notches were all centrally located at midspan, and 
cut using a 3mm diamond-tipped sawblade. One face of 
each beam had a smooth finish so as to facilitate the 
glueing of clamps to hold five surface displacement 
measuring transducers set at a 100mm gauge length. A 
summary of the various specimens is given in table
FIG 3.1 depicts a typical fracture beam while FIG's
3.2 and 3.3 show photographs of fracture beams at 




FIG 3.2 View of a fracture beam resting on its sup­
port rollers. Note the centrally cut notch 
and the surface and ultrasonic instrumenta­
tion (described elsewhere in the text).
FIG 3.3 View of a cracked fracture beam after test-
1. Certain beams had small variations in the dimen­
sions b, d and c . These were accounted for in 
the calculations but, for simplicity sake, are not 
shown in table 3.1.
2. Specimens 13A and 14A suffered equipment malfunc­
tion during testing, so that data collected was of
3.3 CONCRETE AND MORTAR MIXES
The concrete mix ratios were by mass:
1:0,53:2,19:2,86 (cement: water: sand: stone).
The slump for this mix varied between 30 and 40mm, and 
bleed was minimal.
The mortar mix ratios were by mass:
1:0,5513,69 (cement: water: sand).
The visible bleed for this mix was minimal.
The mix proportions used are shown in Tables 3.2 and 
3.3. Details of the mixing, curing, casting and the
materials used are given in Appendix A.
A single batch of cement and aggregates was used 
throughout the testing.
TABLE 3.2 CONCRETE MIX PROPORTIONS
MATERIALS MIX PROPORTIONS IN kg/m’ 
(Dry materials)
CEMENT: Ordinary Portland





HATER TAP WATET ...
TABLE 3.3 MORTf* MIX PROPORTIONS
Ordinary Portland
■ i
3.4 MATERIALS CONTROL TESTS
For all the beams, control cubes (101,6mm) for com­
pressive strength were cast. In addition, control, 
prisms (100x100x200mm) for compressive elastic modulus 
were cast at regular intervals. A total of 54 control 
specimens were cast and tested to provide the material 
properties of the mortar and concrete used.
3.4.1 CUBE COMPRESSION TESTS
Thc-ie tests were carried out using 101,6mm cubes and 
procedures were in accordance with sabs standard 
Method 863®®.
Three cubes were cast for each mixing batch and tested 
on the same day as the beam tests. The cubes were 
cured with the beams, and all tests were done using 
the Amsler compression testing machine (see later).
3.4.2 PRISM TESTS FOR ELASTIC MODULUS
A total of 12 prism tests were carried out. The 
prisms were cast at the same time as the beams in 
100x100x200mm moulds and tested at the same age as the 
fracture beams. Longitudinal strains were measured 
over a 100mm gauge length with a dial gauge compresso- 
meter, shown in FIG 3.4, and the method of the test 
was in accordance with the principles of BS 1881:
' ' ' ' ' !' /
Part 5: 197069. All the tests were undertaken
using the Amsler compression testing machine.
3.4.3 RESULTS OF MATERIALS CONTROL TESTS
Tables 3.4 to 3.7 show the results for the materials 
control tests described above.
The cube tests that show slightly low values are those 
f'-r beams 9B, u s  and 128, the reason for which is 
. iear. The difference in strength may have had an 
effect on the fracture tests, but the scatter present 
in the results made it impossible to determine whether 
this was in fact so.
The elastic modulus of the concrete beams is higher 
than that of the mortar beams. However, there is good 
consistency for each batch tested for the concrete and 
the mortar beams. Since the elastic modulus does not 
form a part of the fracture analysis for this thesis, 
the purpose of these tests was to ensure consistency 
within the specimens. The difference in modulus be­
tween the concrete and the mortar beams may have had 
an effect on the fracture tests, but the inherent scat­
ter present in the result made it impossible to deter­
mine whether this was in fact so.
FIG 3.4 View of the dial gauge compressometer used 




TABLE 3.6 RESULTS FOR ELASTIC MODULUS TESTS ON 
CONCRETE
BATCH AVERAGE E AVERAGE CUBE STRENGTH AGE AT








TABLE 3.7 ?OR ELASTIC MODULUS TESTS ON
MORTAR
AVERAGE E AVERAGE CUBE STRENGTH AGE AT
for (GPa) (MPa) TESTING









The instrumentation used for the tests comprised a 
1omd cell to measure midspan load, one transducer to 
measure mid-span deflection and five other transducers 
to record continuously the surface displacement across 
the fracturing section. Two recorders were used to 
plot the results autographically . Ultrasonic pulse 
equipment was also used to detect the onset of main 
crack growth.
3.5.1 DEFLECTION MEASURING RIG.
The beam deflections at midspan were measured using a 
modified version of the deflection rig used for Alexan­
der's4 work. The rig was supported on the horizon­
tal top section of the beam on point supports placed 
directly above the loading supports of the beam. This 
eliminated any deflection due to local crushing at the 
loading supports. The mid-span deflections of the 
beams were measured by an LVDT (linear variable diffe­
rential transformers) held in position by a clamp at­
tached to the end of an arm suspended from the deflec­
tion rig. The beam was loaded through a loading rol­
ler with a centralised steel ball. A load cell was 
used to record the Ion . Photographs showing the 
arrangement are shown in FIG's 3.5 and 3.6. Further 
details of the deflection rig are given in appendix B.
?XG 3.5 View of
3.5.2 ELECTRONIC TRANSDUCERS
(i) LOAD CELL
This was used for all the tests and was calibrated 
using a Tinius-Olsen compression testing machine and 
later checked on the Amsler machine with the use of a 
digital multimeter (the calibrations were consistent). 
Further details are given in APPENDIX B.
(ii) LINEAR VARIABLE DIFFERENTIAL TRANSFORMERS 
(LVDTS)
A total of 6 LVDTs was used to record results conti­
nuously.
One LVOT was attached to the deflection rig (as ex­
plained in the previous section) and had its movable 
plunger core placed directly on the horizontal lower 
face of the beam next to the central notch. The other 
five LVDTs were attached to the vertical fracturing 
section of the beam and "spanned" the crack with a 
100mm gauge length. The top and bottom LVDTs were posi­
tioned so as to measure extreme fibre displacements. 
The casings of these five LVDT's were held in place by 
aluminium clamps which were glued onto the beam sur­
face. The cores rested on aluminium blocks which were 
placed at a distance of 100 mm across the fracturing 
section. These blocks had adjustabls threaded screws 
to facilitate zeroing of the LVDTs.
Calibration of these instruments was carries’ out seve­
ral times using an aluminium clamp and a micrometer 
both attached to a stiff steel plate. A multimeter 
was used to record the LVDT outputs in this case. Pho­
tographs showing the LVDT arrangements can be seen in 
FIG'S 3.7 and 3.8.
Further details of the LVDTs are given in APPENDIX B.
3.5.3 RECORDING EQUIPMENT
Two types of autographic load and deflection measuring 
equipment were used.
(i) XY RECORDER
The XY recorder had an effective plotting area of 
360mm (X scale) x 24 0mm (Y scale). This was used to 
record autographically the output from the load cell 
and the deflection rig LVDT. The load was recorded on 
the Y axis and the deflection on the X axis. Careful 
control was needed to ensure that the post-peak 
portion of the curve could be recorded and this was 
achieved in most cases.
(ii) MULTI-CHANNEL STRIP CHART RECORDER
This recorder was used continuously to plot the out­
puts from the five lateral displacement LVDTs. The
I
*load cell output was recorded on a sixth channel to 
facilitate correlation between the strip chart records 
and the XY curves. Sensitivities were adjusted from 
cycle to cycle in each test so as to achieve maximum 
resolution, and calibrations were checked appropriate­
ly.
Further details of the equipment are given in APPENDIX 
(ill) ULTRASONIC PULSE EQUIPMENT
An ultrasonic pulse recorder was used in most of the 
tests to help isolate the point of changeover from 
micro-cracking to main crack growth. The equipment 
comprised a transmitter and a receiver probe, both 
linked to a central unit which automatically measured 
the pulse transit time between the probes and dis­
played it on a digital meter.
The probes were placed on opposite sides of the beam 
and on opposite sides of the notch, at notch tip le­
vel. FIG 3.9 shows a detail of the probe positions. 
The ultrasonic pulse therefore had to travel through 
the material abt tre the notch. The speed of this pulse 
would depend on the state of cracking of the material, 
ie pulse transit time would increase if cracking was 
present, and continue to do so as the cracking develop­
ed. The probes were neld in position by rubber bands 





Detail of ultrasonic transducer pro^e posi­
tions on a typical fracture beam. Note that
placed between the probe and the beam surface to 
ensure proper transmission of the ultrasonic pulses. 
Further details of the equipment are given in APPENDIX
3.5.4 TESTING MACHINE
An Amsler type 103 manually operated hydraulic compres­
sion testing machine was used for all beam tests and 
material control tests. It had a maximum load capaci­
ty of 2000 kN. Specimen loads were measured by the 
load cell which was damped to the upper platen of the 
machine.
The beam support system was modified for the purposes 
of this work. This entailed specially machined smooth 
steel ). ates (made specially to fit onto the existing 
supports) on which two half-round steel rollers were 
placed. Free running, hardened steel, cylinder bear­
ing races were placed between the half-rounds and the 
plates, thus allowing the beams to wove freely lateral­
ly.
Alexander's4 work drew attention to the importance 
of both laterally friction-free supports and a stiff 
testing machine. It was for this reason that the 
modified Amsler system was used. FIG's 3.10 and 3.11 






All the teats used a load-cycling technique to induce 
crack growth. Ultrasonic pulse tines were recorded at 
the base and peak of each cycle while all other mea­
surements were continuously recorded. (The ultrasonic 
equipment available was not able to record continuous­
ly i
3.6.1 SPECIMEN PREPARATION PRIOR TO TESTING
The beams were all damp-cured, under moist hessian and 
plastic sheeting, in a high humidity room with the tem­
perature held at about 23* ± 2*. See APPENDIX A for 
further details. Approximately 2-3 hours before tes­
ting, the smooth side of each beam was thoroughly 
cleaned and accurately marked to facilitate glueing on 
of the aluminium LVDT clamps. The glue used was a 
rapid hardening preparation formulated for damp con­
crete which was ready for use within about 15 minutes. 
The beams were covered immediately after the glueing 
and kept damp until the test.
The specimens were placed on their roller-bearing bed 
and positioned using a tape measure. The lateral 
LVDTs were fastened in their clamps, and zeroed using 
the adjusting screws. The deflection rig was position­
ed and set. A thin layer of petroleum jelly was ap­
plied to the surfaces where the ultrasonic probes were
3.6 TEST PROCEDURE
All the tests used a load-cycling technique to induce 
crack growth. Ultrasonic pulse times were recorded at 
the base and peak of each cycle while all other mea­
surements were continuously recorded. (The ultrasonic 
equipment available was not able to record continuous­
ly)
3.6.1 SPECIMEN PREPARATION PRIOR TO TESTING
The beams were all damp-cured, under moist hessian and 
plastic sheeting, in a high humidity room with the tem­
perature held at about 23" + 2". See APPENDIX A for 
further details. Approximately 2-3 hours before tes­
ting, the smooth side of each beam was thoroughly 
cleaned and accurately marked to facilitate glueing on 
of the aluminium LVDT clamps. The glue used was a 
rapid hardening preparation formulated for damp con­
crete which was ready for use within about IS minutes. 
The beams were covered immediately after the glueing 
and kept damp until the test.
The specimens were placed on their roller-bearing bed 
and positioned using a tape measure. The lateral
LVDTs were fastened in their clamps, and zeroed using 
the adjusting screws. The deflection rig was position­
ed and set. A thin layer of petroleum jelly was ap­
plied to the surfaces where the ultrasonic probes were
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JV preliminary
applied in
applied at a ste< 
for one cycle being 




of any particular cyclf
dings possible. The prc 
low very limited stable 
cycles while trying to
I
 L_: . . .
growth in the cycles following maximum load. In 
many cases the load vs deflection curves reached 
plateaux in which the load remained almost con­
stant while the deflection continued to increase.
5- Ultrasonic pulse transit times were measured at 
le start of each cycle and immediately before 
unloading of that cycle. It appeared that there 
was a significant difference between readings
f  at the start and peaX of a given cycle.
6. After failure the cracked beams were inspected for 
any notable features. A typical fracture test pro­
duced one load vs beam deflection record, in-plane 
displacement profile records and, in all but eight 
cases, ultrasonic pulse measurements. This data 
was analysed to isolate the features outlined in 
section 1.3.
FIG 3.12 Illustrates a typical load vs beam deflection 
record. The relevant beam is N« 1AB, a = 300mm. c0/d
The first five cycles of the test are shown in this 
figure. The pre-loading (settling) cycle and the last 
three cycles are not shown. The following should be
1. In this example maximum load was achieved on the
third cycle. The first two cycles show a sharp 
peak. It was hoped that these cycles would pro­
duce microcracking only.
2. The third cycle shows a tendency for an increase 
in deflection for no increase in load (only detail­
ed o.nalysi; would show whether this was main crack 
growth or ar, increase in the size of the micro-
2. cycles four ai.J five show a definite increase in 
■iefleccion for increase in load. Great care had 
to be taken in these cycles since the deflection 
had previously shown » tendency to accelerate and 
.cause early failur-s.
4. The vertical portions i: mediately following the 
peak of each cycle ropres&tn rapid load dumping in 
order to arres: ttvi deflection and prevent early
failure.
2.7 SUMMARY
Chapter a has detailed the procedures for the fracture 
tests and selected materials control tests. A total 
of 33 (18 concrete and 12 mortar) notched fracture
beams veve tested. Two of the cor.T'rste beams tested 
suffered premature failure due to 6oci ie.-tal overload.
IkNI
The beams had a constant width of 100mm and depths of 
either 200mm or 300mm. Sawn central notches were 
present in all cases with notch/depth ratios of 0,2 or
0,4. The beams had a constant span/depth ratio of 3. 
LVDTs (deflection measuring transducers) were fixed, 
via clamps glued onto the beam face, at mid-span and 
covering the beam height on one side of all beams at a 
gauge length of lOOmm.
The beams were loaded cyclically at mid-span and sup­
ported on frictionless rollers. A load cell together 
with an LVDT produced a continuous output of load 
versus mid-span deflection on an XY recorder. LVDTs 
fixed to the sides of the beams produced continuous 
records of surface displacements across the fracturing 
section. Ultrasonic pulse velocity readings were 
taken at the peak and base of each load cycle.
4. FRACTURE TEST RESULTS
4.1 INTRODUCTION
The basic data from the fracture tests incorporated 
midspan load and deflection, ultrasonic pulse transit 
times and displacements across the notched section. 
Chapter 4 presents these results in their basic form.
4.2 LOAD-DEFLECTION RECORDS
The load versus deflection records of all twenty eight 
successful fracture tests were used to calculate the 
input of energy to the specimen for each cycle in a
given test.
TABLE 4.1 gives a typical example of the data obtained 
from these records.
*f -
The following explanation refers to FIG 4.1.
1. Choosing the point of maximum load, (Fmax), invol­
ved the use of a hand magnifying lens and a ruler. 
This point was interpreted as being the peak of 
the curve (as in cycles 1 and 2), or, in the case 
of a 'stable load plateau' (as in cycles 3,4 and 
5), the point at which the load started to reduce.
The reason for choosing the point at which the 
load started to reduce as the point of maximum 
load was that, shortly after the load began to 
reduce, it was necessary to rapidly 'dump’ the 
load to prevent early failure of the beam. Since 
this point of 'dumping' was arbitrary, some other 
identifiable point (governed by the beam and not
the machine operator) was required. The point at
which the load began to reduce was the most logi­
cal to be chosen.
2. After the identification of Fmax, eight equal
spaces were marked and measured using a divider 
and scale rule. Simpson's rule was then used to 
compute the area under that particular curve. 
While time consuming, this method was the most
accurate available.
FIG. 4.1 shows a typical area in question together 
with the eight spaces described.
'A' described in section 4.2 
the eight equal spaces usee
HOTS: As can be seen in FIG, 4.1 the recording
paper was manually advanced between cycles. 
This was done to avoid cluttering the record 
which would have made the data extraction more 
difficult.
4.3 SURFACE DISPLACEMENTS ACROSS THE FRACTURING 
SECTION
Continuous monitoring by five LVDTs mounted transverse­
ly across the fracture section yielded data that was 
used to plot displacement profiles lor the test cycles 
of each bean. This was used to obtain crack lengths 
and positions of the neutral axis {see later).
The displacement profiles mentioned above are a plot 
of beam depth (on toe vertical axis) versus the sur­
face displacements across the fracturing section (at 
five different locations) relative to "zero displace­
ment" at the start of a test. The five locations at 
which the displacements are measured are:- The extre­
me fibre p> sition on the compressive face of the bean; 
two equidistant positions between the notch tip and 
the compressive face of the beam; the notch tip; and 
the extreme fibre position on the tensile face of the
TABLE 4.2 gives a typical example of the data obtained 
from these records.
i shown are the displacements at peak load 
each cycle. The figures for all five LVDTs 
the position of each LVDTgiven, together
SPECIMEN: N« 11B d = 300mm Cy/d =
DISPLACEMENTS (mm)
Positive value denotes tensile (opening) dis-
The remaining data is tabulated in appendix C.
The analysis of this data will 
analysis section presented later.
/The outputs from the five displacement LVDV?a were 
autographically recorded by a multi-channel strip 
chart recorder. The extraction of data from these 
plots was carried out using simple measuring equip-
The use of a computer to process the information from 
these LVDTs would have greatly reduced the amount of 
work involved. This was, however, not possible since 
there was no data logging system available at the
The following explanation refers to FIG. 4.2.
1. The deflection peak was identified for each cycle. 
This was then clearly marked on each LVDT trace.
2. A pair of dividers and a scale rule were used to 
measure the trace movements and these were conver­
ted into actual deflections with the use of a sim­
ple computer programme.
3. During the course of a test, some of the traces 
had their sensitivities decreased as the deflec­
tions increased. This necessitated re-zeroing of 
the recorder.
4,4 ULTRASONIC TEST RECORDS
Ultrasonic pulse transi• data was collected for twenty 
of the twenty eight tests conducted. This data was 
used to assess the extent of cracking of the fracture 
section during each cycle of each test.
TABLE 4.3 gives a typical example of the data obtained 
from these records.
TABLE 4.3 TYPICAL EXAMPLE OP ULTRASONIC RECORD 
specimen N» 11B d * 300 m c^/d = 0,40










of a fracturing beam. BEAM 11B
TR peak fpS) ultrasonic transit time at the peak of a
TR base (pS) ultrasonic transit time at the start 
(base) of a cycle.
The records of the remaining nineteen tests are
tabulated in APPENDIX C.
The analysis of this data will be dealt with in the 
analysis section presented later.

5. IDENTIFICATION OF THE POINT OF INITIATION OF
MAIN CRACK GROWTH IN NOTCHED CONCRETE AND 
MORTAR BEAMS
5.1 INTRODUCTION
In the fracture tests conducted for this dissertation, 
the positirm of the neutral axis was found using the 
displacement profiles. Since these tests had the aim 
of identifying the point of change-over from micro­
cracking to main crack growth, visible crack detection 
played little or no part, and it is for this reason 
that the J-integral concept is used in SECTION 5.3.
The continuously recording LVDTs were placed at five 
positions over the height of the fracturing section on 
a 100 mm gauge length. The data involved five surface 
displacements including that of the notch tip. Dis­
placement profiles across the fracture section could 
then be plotted. This allowed surface crack widths to 
be measured.
The fracture section displacement results are presen­
ted in this section. Particular attention is given to 
isolating the point of change-over from micro-cracking 
to main crack growth.
5.2 SURFACE DISPLACEMENT PROFILES




on investigating the change-over from micro-cracking 
to main crack growth in the fracture specimens. There­
fore it was very important to collect accurate data 
from the early test cycles, and not only the later 
ones which Alexander did.
Displacement profiles were analysed to obtain an idea 
of tension and compression zone sizes, and the extent 
of the micro-cracked zone, at the start of main crack 
growth. This is dealt with later in section 6.2.
Displacement profiles for various concrete and mortar 
beams are shown in FIGs 5.1 TO 5.5.
I. CONCRETE
FIG 5.1 (BEAM 12A, d = 300, C0/d = 0,4)
1. The profiles for the lower part of this beam be­
come increasingly linear as the test progresses.
2. There is a steady rise in the neutral axis (N.A.) 
position from cycle to cycle. This is apparent 
from the start of the test.
3. The "initiation of main crack growth" (determined 
as in sections 5.4 and 5.10) was identified as 
ocouring in cycle four.
FIG 5.2 (BEAM ISA, d = 200, c0/d = 0,4}
1. The initiation of main crack growth occured during 
cycle four.
2. Beyond this point, the displacement profiles be­
come increasingly linear indicating the develop­
ment of a stress free crack. This is also accom­
panied by a rapid and extensive rise in neutral 
axis position.
II. MORTAR
FIG S.3 (BEAM 10B, d = 300, 0o/d = 0,4)
1. The initiation of main crack growth occured during
cycle five.
2. In spite of a large amount of deformation, this 
beam does not exhibit much neutral axis movement 
when compared with some of the other tests.
3. Gauge position N« 2 is very nearly a pivot point
since the change in deformation is far smaller 
than for the other gauge positions. (Had the beam 
been subjected to further cyclic loading, there
probably would have been a significant neutral
axis movement with gauge position 2 showing an 
appreciable tensile deformation).
. "' :: i. ■ ■
FIG 5.4 (BEAM 22B, d = 300, C0/d - 0,4)
1. The initiation of main crack growth occured during
cycle five.
2. A feature to note here is the degree oC cracking
which has taken pis'during this test- The neu­
tral axis has moved to within a few millimetres of 
the top of the Beam on the last cycle. The point 
of change-over (i.e. cycle Jive) from micro-crack­
ing to main crack growth occurs during the cycle 
immediately preceding rapid movement of the neu-
NOTE: Only about 20% of the tests developed cracking
as advanced as that shownJ.FIG. 5.4. In many cases, 
sudden failure occurred only two cycles Beyond main 
crack growth initiation.
STRAIN PROFILE IRREGULARITIES - AN UNEXPECTED PROBLEM
When the instrumentation system used in this research 
was designed, a considerable amount of thought went 
into the placing of the LVDTs for the recording of the 
surface displacement profiles dealt with in this sec- 
ti.w. A system based on Alexander's4 work, but com­
pletely revised, was eventually decided upon. Alexan­
der used mechanical strain gauges with a guage length 
of 100mm, and therefore could not continuously record
: ■ : - 
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FIG 5.4 (BEAM 12B, d = 300, cQ/d = 0,4)
1. The initiation of main crack growth occured during 
cycle five.
2. A feature to note here is the degree of crackling 
which has taken place during this test. The uuu- 
tral axis has moved to within a few millimetres of 
the top of the beam on the last cycle. The point 
of change-over (i.e. ayn e  five) from micro-crack­
ing to main crack growth occurs during the cycle 
immediately preceding rapid movement of the neu­
tral axis.
MOTE; Only about 20% of the tests developed cracking 
as advanced as that shownjFIG. 5.4. In many cases, 
sudden failure occurred only two cycles beyond main 
crack growth initiation.
STRAIN PROFILE IRREGULARITIES - AN UNEXPECTED PROBLEM
When the instrumentation system used in this research 
was designed, a considerable amount of thought went 
into the placing of the LVDTs for the recording of the 
surface displacement profiles dealt with in this sec­
tion. A system based on Alexander's4 work, but com­
pletely revised, was eventually decided upon. Alexan­
der used mechanical strain gauges with a guage length 
of 100mm, and therefore could not continuously record
" 7 ^  ■ -
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displacements. He found no profile irregularities for 
beams with a span to depth ratio of 4:1. However, with 
the same gauge length and at a span to depth ratio of 
3:1, profile irregularities were encountered in about 
351 of the tests carried out for this dissertation. 
This occurred in both concrete and mortar specimens.
A typical "irregular" profile is shown in FIG 5.5. 
(BEAM 5A, d = 200, c0/d = 0,4). Points to note are
as follows:
The displacements at the micro-cracked level are small­
er than expected thereby giving the displacement 
profile a reverse curvature.
There is no correlation between this phenomenon and 
any geometrical or physical properties of the speci­
mens tested. It appears to occur at random. The au­
thor offers the following explanation:
The smaller span to depth ratio (3:1 compared with 4:1 
used in Alexander's work) used in this work may have 
induced greater lateral micro-cracking than was expect­
ed. It is possible that in about 35” of the tests 
conducted, this lateral micro-cracking extended far 
enough to interfere with the gauge clamps, thereby 
causing a form of strain release which allowed the 
Clamps to rotate or move slightly closer together. 
This process then appeared as a reverse curvature in 
the micro-cracked zone.

PIG 5.2 Surface displacement profit
IS"
displacement profile
Surface displacement profile for beam 12B





3 was calculated for each load cycle of a fracture
It should be mentioned that the assumption of initial 
notch depth c0 remaining constant until Che forma­
tion of a stress-free crack may not be strictly 
valid. It is possible that the presence of micro­
cracking could reduce the effective ligament depth by 
de-stressing of the micro-cracked zone. However the 
extent of this reduction was impossible to determine 
in this work and therefore it was assumed, for the 
purposes of calculation, that the notch depth remained 
c0 until the initiation of main crack growth.
Any error incurred by using this assumption would, 
logically, have been similar for each test. Since the 
object of calculating J was to detect a sudden drop 
from one cycle to the next and not to produce a strict­
ly correct numeric value, this error was assumed to be 
unimportant.
5.4 IDENTIFICATION OF THE CHANGEOVER FROM MICRO­
CRACKING TO MAIN CRACK GROWTH USING THB 
J-INTEGRAL
The principle of the J-integral, together with informa­
tion from the surface mounted LVDT at the notch tip, 
was used to identify the point of changeover from 
micro-cracking to main crack growth.
The J-integral may be interpreted, in practical terms, 
as the energy required for crack extension. Energy 
absorption must obviously increase before main crack 
growth can occur since the micro-cracked zone is grow­
ing. After the initiation of main crack growth, the 
micro-cracked zone reduces in size in a bend specimen, 
therefore absorbing less energy, while main crack 
growth reduces the ligament depth thereby reducing the 
energy demand. Thus it can be expected that J will 
reach a peak at the point of initiation of main crack 
growth and decrease as the main crack begins to propa-
As described in section 4.1 the area under a given 
load-deflection curve (ie energy) was calculated up to 
the point of maximum load. Mindess28 states:- "To be 
strictly valid, where deformation is not reversible, 
the J-integral refers to crack initiation rather than 
crack propagation. Thus we can only look at the criti­
cal value of J at the point of crack initiation." It 
is logical to assume that main crack growth would 
occur near or at peak load during the critical cycle 
of initiation of main crack growth. Therefore J has 
been calculated up to the peak load for each cycle.
In the series of diagrams FIG'S 5.6 to 5.9 the surface 
displacement at the notch tip is plotted against the 
J-integral for the same cycle. The post peak portion
' t .
no longer constant at this stage, and the curve is
therefore not representative of true J values.
The curves all show similar tendencies. An initial ra­
pid increase in the J-integral value accompanied by a 
small increase in lateral displacement is followed by 
a peak value for J, which then starts to decline.
The following points should be noted:
1. The apex of the curve, representing the maximum 
value for J, is circled in the diagrams. This is 
assumed to be the point of initiation of main 
crack growth, according to the argument given
2. The J values plotted are not cumulative, but are 
the values calculated for each cycle. The curves 
were plotted in this way since the objective was 
to identify the difference in energy absorption 
from one cycle to the next. By doing this, a 
reduction in the j-value (identifying main crack 
growth) could be detected.
Tables 5.1 and 5.2 show the results for all the beams 
tested. The J-values shown in these tables (so called 
Jcycle) are the values for the critical cycle (where 
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X
.7 J-integral plotted against surface displace­
ment of notch tip for bnam H A
J-integral plotted against surface displi 
ment of notch tip for beam 3B
J-integral plotted against surface displace­
ment of notch tip for beam 6B
I
It is important to note that the absolute numerical 
values of J for the critical cycle in each case are 
not that important. The objective of this section of 
the work was to identify the point at which J (calcula­
ted for each cycle) began to reduce, thereby indica­
ting the cycle during which main crack growth began
i.e. the critical cycle. (This was carried out in 
order to facilitate analysis in subsequent chapters of 
the critical cycle). It should be realised that the 
numerical value of J for the critical cycle is entire­
ly dependent on the number of cycles carried out be­
fore the critical cycle. What is important, however, 
is the cumulative value of J based on an envelope 
curve joining the points of peak load for each cycle 
up to the critical cycle. This would represent the 
total energy absorption of the beam up to the point of 
main crack growth and could thus be thought of as a 
fracture parameter at the start of main crack growth. 
This cumulative J-value is discussed later in section

TABLE 5.2 CRITICAL CYCLE FOR SHE MORTAR BEAMS













It should be mentioned that there is little point in 
computing the average values of JCyC?a for concrete 
and mortar since, as mentioned above, these values are 
entirely dependent on the number of cycles carried out 
before the cycle during which main crack growth began.
5.5 COMPARISON OF THE MAXIMUM LOAD CYCLE AND THE
CYCLE DURING WHICH MAIN CRACK GROWTH BEGAN
Tables 5.3 and 5.4 show a record of the cycle during 
which mi!in crack growth began (based on the J value 
analysiu) compared with the cycle during which the 
maximum load for a test occurred.
iFor the concrete beams, 80% of the tests showed maxi­
mum load occurring before the initiation of main crack 
growth, and the remaining 20% showed maximum load and 
the initiation of main crack growth occurring during 
the same cycle.
For the mortar beams, 83% of the tests showed maximum 
load occurring before the initiation of main crack 
growth, and the remaining 17% showed maximum load and 
the initiation of main crack growth occurring during 
the same cycle.
Thus, it can be said that for these tests maximum load 
occurred generally before the initiation oil main crack 
growth. This means that there can be a reduction in 
the load carrying capacity of the beams due to the 
presence of micro-cracking only. TABLES 5.5 and 5.5 
show this reduction expressed as a percentage of 
maximum load. These percentages vary widely making 
the computation of an average number questionable. 
The maximum percentages were 27,0% for concrete and 
.16,5% for mortar. As can be seen in tables 5.5 and 5.6 
most values were far lower than these maximum values.
The physical interpretation of this phenomenon is that 
micro-cracking can cause sufficient damage to the mate­
rial (be it concrete or mortar) for a reduction in 
load carrying capacity to occur. Although this reduc­
tion seems, usually, to be small, it cannot be disre-
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5.6 COMPARISON OP THE J-VALUES AT THE START OF MAIN 
CRACK GROWTH
In section 5.4 the J-value for each cycle was plotted 
against the surface displacement across the notch tip 
in order to identity the point of initiation of main 
crack growth. In this section, the cumulative J-value 
(Jc) up to the start of main crack growth (as identi­
fied in section 5.4) is examined for each beam. The 
effects of beam geometry and concrete strength are 
-Iso examined. (This cumulative J-value can be thought 
of as a fracture parameter at the point of initiation 
of main crack growth.)
Tables 5.7 and 5.8 show the cumulative j-value at the 
start of main crack growth (Jc) together with the 
compressive cube strength of each beam or batch of 
beams.
Jc was calculated using an envelope curve joining 
the peaks of the individual cycle curves. In this way 
the recoverable elastic deformation for each cycle was 
eliminated. Jc therefore represents the irrecover­
able energy absorbed by the beam up to the development 
of main crack growth, plus the recoverable elastic de­
formation for the cycle during which there was initia­
tion of main crack growth.

TABLE 5.8 Jc VALUES FOR MORTAR










300 29,6 35,6 .
300 42,5
300 36,9
AVERAGE Jc FOR MORTAR 29,8 W/nuo
COEFFICIENT OF VARIATIOH 23,4%
Statistical test shows no outliers due to the 
limited number of results.
The scatter present in these results dictates that on­
ly a general idea of Je as a fracture parameter can 
be gained from this work.
It could be argued that the value of J for the critic­
al cycle (so called Jcycie) should be compared with 
the present cumulative J at the start of main crack
■ /  
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growth (so called Jc) but this is of very limited 
value because, as discussed in section 5.4, the 
Jcycle value depends fundamentally on the number of 
cycles taken to reach the point at which J decreases. 
This comparison, although considered, was thus not 
undertaken.
The overall averages obtained from TABLES 5.7 and 5.8 
can be regarded as guidelines. With this in mind, it 
is apparent that the average Jc for mortar is essen­
tially the same as the average Jc for concrete.’This 
indicates that mortar has the same fracture toughness 
as concrete.
It should be noted that many investigators have found 
scatter to be a major problem in the fracture testing 
of concrete. Some (eg. Petersson23) suggest that
few certain conclusions can be drawn in this field 
because of the problem of scatter.
5.7 THE VALUE OP J AT THE START OF MICRO-CRACKING 
<Ji>
This section is based on the ASTM-E813-81. method for 
the calculation of the J-integral at the initiation of 
crack growth in metals70.
Referring to FIGURE 5.10, this method involves the 
linear regression of several points on a J versus
crack mouth displacement (A ap) 
so called blunting lii 
mate of notch tip 
from material flow pi 
between the linear regression line fit of the ■ 
the blunting line defines J^, which is the • 
the J-integral at the start of crack formation.
a similar argument m; 
:racking will, however.
: strictly apply to concrete 
and mortar since these materials are not ductile.
; cracking and will thus be 
increte and mortar, in 
is move apart; this is 
concrete analogy of "blunting” in metals. For the 
- E 813 method, the blunting line is based on the
(5.2)
Oy = yield stress of material 




dissertation, the approximate yield stress is approxi- 
^tely 3MP& (approximately 10 percent of the ultimate! 
compressive stress).
Expression (5.2) therefore becomes approximately:
J = 6 x A c 0 J/m2 (5.3)
This line is shown on FIGURES 5.11 and 5.13 and as can 
be seen, it is very steep and lies very close to the 
y-axis {line of zero notch tip displacement). Bearing 
in mind the inherent scatter already present in the 
results obtained for this dissertation, the blunting 
effect was assumed to be zero and Jj_ was taken to be 
the intercept between the regression line and the 
y-axis. The additional error introduced by this as­
sumption is negligible when compared to that of the 
already observed inherent scatter.
In this section, curves of the J-integral versus notch 
tip displacement and the J-integral versus the cumula­
tive change in peak ultrasonic pulse transit time were 
analysed according to the ASTM-81370 method for all 
the beams tested.
FIGURES 5.11 to 5.14 show typical curves obtained toge­
ther with the regression line described above.
Tables 5.9 and 5.10 show the results of the ^inter­
cept obtained for all the beams tested. The results
' /  
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from the notch tip displacement curves and the ultra­
sonic pulse transit time curves are shown in the same 
table. In certain cases, it was not possible to 
obtain a representative regression. These cases are 
shown as "no intercept" in the tables. Bearing in 
mind the scatter prevalent in the results throughout 
this dissertation, good agreement (with the exception 
of certain outliers) between the results from the 
notch tip displacement and the cumulative difference 
in ultrasonic pulse transit time curves is apparent. 
The average values for are essentially the same
for both sets of curves and for both concrete and
mortar.
As mentioned earlier, can be thought of as the
J-integral at the start of micro-cracking at the notch 
tip, and can therefore be regarded as a measure of the
Jj; fracture toughness of the material. From these
results it can therefore be said that the fracture 
toughness at the start of micro-cracking is essential­
ly the same for concrete and for mortar. It should be 
noted that Jc (fracture toughness at the start of 
main crack growth (sections 5.6 and 5.9 respectively) 
were also found to be essentially the same for concre­
te and mortar. is about 40% of Jc for both con­
crete and mortar, which is consistent with the J frac­
ture toughness behaviour of metals and alloys71.
Jj_ using the ASTH-813 
graph of the j-integral ver- 
9 displacement at the notch
FIG 5.12 Evaluation of JA
graph of the J-integral
ultrasonic pulse transit time.
iS S 2 2 2 2 2 0
J INTEGRAL (M/mra)
PIG S.13 Evaluation of using the ASTM-B13
method70 on a graph of the J-integral ver­







from J vs 
notch tips dis­
placement (N/m)
from J vs 
cumulative change 
in peak pulse tran­
sit time. (N/w)
0,2 No intercept -





0,4 No intercept -
0,2 No intercept 5,8







AVERAGE Jt • AVERAGE J-l :
COEFFICIENT OF COEFFICIENT OF
VARIATION : 30% VARIATION : 32%
TABLE 5.10 Jj FOR THE MORTAR
BEAM d(„) Co/d
from J vs 
notch tipe dis­














AVERAGE Ji : AVERAGE SL :
COEPPICIENT OF COEFFICIENT OF
VARIATION : 34$ VARIATION • 27$
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5.8 DEPENDENCE OF Ji AND Jc ON SPECIMEN GEO­
METRY
The inherent scatter in the results for Jj_ and J0 
and the lack of sufficient data for beams of different 
geometries makes it difficult to correlate these para­
meters with specimen geometries. Nevertheless, the 
comparison was deemed worthwile and is discussed
Tables 5.11 to 5.14 show the results for Jc and 
grouped together for beams of different geometry.
It can be seen from these tables that:
1. The average values for the concrete beams
show a tendency to decrease with increasing beam 
size, and to increase with an increased c0/d 
radio. The lack of sufficient data renders this 
uncertain, however.
2. The average values for the mortar beams show
a tendency to increase with increasing beam size, 
and to decrease with an increased c0/d ratio. 
In other words, the degree of micro-cracking shows 
a tendency to increase in the case of larger
beams, and to increase for a smaller notch/dapth
ratio. This is in agreement with work done by
Alexander4 who found the micro-cracked zone size 
to be larger for larger beams.
The results for the mortar and concrete beams are 
in contrast here. However, the lack o£ sufficient 
data in the case ol' the concrete beams leads to 
the belief that the results for the mortar beams 
are more representative of actual trends.
The average Jc values for the concrete beams 
show a tendency to incrpase for an increased'beam 
size, and to decrease for an decrease in c0/d 
ratio (excepting for geometries C and D which have 
essentially the same averages. The lack of suffi­
cient data makes this uncertain, however.
The average Jc values for the mortar beams show 
a tendency to increase for increasing beam depth, 
and to decrease for a decreasing Cg/d ratio. 
This is in agreement with the values of Jc 
obtained for the concrete beams.
It is significant that, with the exception of the 
Jj values obtained for the concrete beams, both 
Ij_ and Jc show a tendency to increase with in­
creasing beam depth which is consistent with work 
done by Alexander4 (mentioned in point 2 above).







Geometry B : d = 3
Geometry C : d «■ 2
Geometry D : d. = 3
Co/d = 0,4 
c0/d =0,4
Co/d - 0,2 
Co/d = 0,2
! 5.11 AVERAGE VALUES PC 
DIFFERENT GEOMETRY
TABLE 5.12 AVERAGE Jj_ VALUES
/
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TABLE 5.14 AVERAGE Jc VALUES FOR MORTAR BEAMS OF 
DIFFERENT GEOMETRY
5.9 NOTCH TIP DISPLACEMENT (COD) AT INITIATION OF 
MAIN CRACK GROWTH
Tables 5.15 and 5.16 list the notch tip displacements
at the point of initiation of main crack growth. Also
shown, are the average displacements together with the 
coefficients of variation for the concrete and the
mortar res-,:' ta.
The notch tip displacement can, in this instance, be 
thought of as the crack tip opening displacement
(COD), since the crack is just starting to grow from 
the notch tip at this stage of the test. It can also 








1. There is considerably less scatter for the mortar
results than there is for the concrete results. 
This is to be expected since mortar lu more homo­
geneous than concrete.
2. The average COD for concrete is essentially the
same as the average COD for mortar.
The scatter in the results for concrete is very large. 
This is probably due to the heterogeneous nature of 
the material. It should be borne in mind that these 
COD values represent suface measurements on one side 
r>£ the beam only. Therefore, the presence of a large
piece of aggregate immediately beneath the surface 
could affect the COD significantly. In the case of 
mortar, the aggregate particles are smaller (thus 
implying a more homogeneous material) and consequently 
the measurements would not presumably be so greatly 
affected.
The average values in TABLES 5.15 and 5.16 compare 
very well with the COD values found by Alexander4 in 
his work - he found the COD during crack extension to 
vary from 0,037 item to o, 064 mm, the larger beams 
(500mm) obtaining the higher values.
".   . .
TABLE 5.15 COD AT START OF MAIN CRACK GROWTH FOR THE 
COHCRBTB BEAMS
NOTCH TIP DISPLACEMENT (COD) (ram) d(«»
2A 0,025 200
3A 0,034 200













AVERAGE NOTCH TIP DISPLACEMENT i 0,039 mm
COEFFICIENT OF VARIATION : 32 %
NOTE: The value marked * in TABLE 5.11 was identified
as a statistical outlier using Dixon’s outlier
4:
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AVERAGE NOTCH TIP DISPLACEMENT : 0,046 mm
COEFFICIENT OF VARIATION : 23,6%
/5.10 THE USE OF UUTHASONIC TECHNIQUES 
5.10.1 INTRODUCTION
An ultrasonic technique was used to monitor the crack 
growth in twenty out of the total of twenty-eight 
useful tests. This technique was aimed mainly at 
detecting the onset of main crack growth once the 
micro-cracked zone had reached its maximum size for a 
particular specimen.
The use of ultrasonics for testing damage in concrete 
has been well proven. Blight65 used the technique
to study cracking in concrete caused by alkali-aggre­
gate reaction and found it excellent for detecting 
damage such as micro-cracking, and Tait59 used ultra­
sonics to monitor damage in cyclically loaded concrete 
specimens.
Details of the equipment used and of the experimental 
set-up have been presented in sections 3.5 and 3.6. 
The information collected comprised transit times 
measured at the start and peak of each cycle. It was 
thit 'dual' measuring that helped with the extraction 
of conclusive results from the data obtained.
This section deals with the identification of the 
point of change-over from micro-cracking to main crack 




deflecting while absorbing less energy
from cycle to cycle. The parameter of energy measure­
ment chosen was a form of the j-integral expressed as 
in equation 5.1.
In the series of diagrams FIG's 5.15 to 5.18 cumula­
tive changes in peak transit time are plotted against 
the J-integral for the sarafi cycle. The J-integral was 
computed on a cyclic basis in these cases.
The cumulative change in peak transit time was chosen 
since it was poet'-' • ’ that the development of a 
stress-free crac iv as a marked increase in
ultrasonic pulse time. The transit time at
the peak of each cycle was subtracted from that of the 
previous cycle and these changes in peak time were 
then plotted cumulatively against the j-integral as 
described above.
It must be stressed that the absolute numerical values 
of the transit times are not important since the dis­
tance between probes and the dimensions of the speci­
men varied from test to test. It is only the cumula­
tive change in transit time that is of any interest
It is important to note that, after the value of the 
J-integral has started to reduce and main crack growth 
has begun, the expression 5.1 is no longer valid since 
c becomes an unknown. This section of each curve is 
therefore shown as a dotted line.
FIG 5.15 J-integral plotted -igainst cumulative diffe­
rence in peak ultrasonic pulse transit time
:ted against cumulative diife- 
ultraaonic pulse transit time
cr-inteqral plotted against cumulative diffe- 



























All the curves show the the same pattern of an initial 
sharp increase in the 3-integral value for a small in­
crease in transit time, followed by a peak value of J. 
This reinforces the idea that main crack growth initia­
tes together with a drop in energy absorption rate.
The following points should b& noted!
1. The apex of each curve (shown as circled in the 
diagrams) represents the maximum value for J and 
therefore the point of initiation of main crack 
growth.
2 . In several tests, the J-j.ntegral began to show an 
increase leading to a second peak. Although this 
part of the curve is not valid since c is unknown, 
a second peak suggests the possible formation of a 
second crack. This should perhaps be borne in 
mind by future researchers.
TABLE 5.17 and TABLE 5.16 show the results obtained 
for all the baams on which ultrasonics was used.
identify the point of initiation of
I
»V.'
before, the similarity between this method
complementary
matrix is subjected
stress is removed, the recovery of the material i;
partially elastic and re-alignment of the deformed
particles is very nearly perfect. As the
micro-cracking progresses to the point of initiation 
of main crack growth, damage becomes more pronounced 
and permanent. Once a stress-free crack has developed 
tlvare is incomplete crack-closure on unloading due to 
relative displacement of crack surfaces and debris 
lodging in the crack.
This can be seen in the photographs of FIG. 5.19.
Using the preceding discussion as a basis, it was 
reasoned that if ultrasonic pulse transit times were 
measured at the peak of a cycle and then at the trough 
(zero load point) of the same cycle, some measure of 
permanent damage could be obtained.
The series of graphs FlG's 5.20 to 5.26 show a plot of 
cumulative difference in peak pulse transit time on 
the horizontal axis and cumulative difference in 
trough pulse transit time on the vertical axis. The 
cumulative difference in pulse transit time was calcu­
lated by subtracting the pulse transit time (peak or 
trough) of cycle one from cycle two, and then cycle
two from cycle three, and then cycle three from cycle
four etc until the end of a test. These differences 
were then added cumulatively for both peak and trough 
pulse transit time and plotted for each cycle as de­
scribed. A steep line, or section of a curve, there­
fore indicates considerable permanent damage while a
crack patterns obtained from 
within the sample chamber of ai 
(a), (b) compact tension specii 
(c), (d) compression specimens.
inge in trough
transit time vs cumulative
in peak pulse transit
cMtroB in mt mss tumiiT nw igui
PIG 5.21 (a)S(b) Plots of cumulative change in trough 
pulse transit tine vs cumulative 
change in peak pulse transit time 
for beams 17A S 16A
FIG 5.22 (a)6(b) Plots of cumulative change in trough 
pulse transit time vs cumulative









(a) 6(b) Plots of cumulative chonj* in trough 
pulse transit time v, cumulative
identified
FIG 5.26 (a)S(b) Plots of cumulative change in trough 
change in peak pulse transit time
less steep line indicates efficient re-alignment and 
les=s permanent damage. in many cases, there is a 
point of discontinuity which could indicate the point 
of change-over from micro-cracking to main crack
growth.
The reliability of this method proved not to be as 
good as it was hoped to be. In several cases the 
tdets were inconclusive since there was no apparent 
point of discontinuity. It is reasoned that this may 
have occurred as a result of aggregate bridging across 
the crack after closing which could have provided a 
patu for the ultrasonic waves and hence resulted in a 
transit time change not representative of the damage 
present.
In a number of other cases (FIG 5.23(b) and FIG 
5.26(b)) there was more than one point of discontinui­
ty. In these instances the first point of discontinui­
ty was interpreted as the onset of i,,ain crack growth 
and the second as the possible formation of another 
crack, or increasing damage due to micro-cracking.
In eases where there was a sudden steepening of the 
graph (indiesting increased permanent damage) followed 
by a decrease in slope, (see FIG 5.21(a) and FIG 
5.*4(a)) it is possible that rotation of the crack, 
during the cycles following the onset of main crack 
growth, could have caused the wedging of a piece of
dislodged aggregate thereby permitting the ultrasonic 
waves to travel a shorter path. This would show as 
the decrease in slope on the graph, after the onset of 
main crack growth.
TABLES 5.19 and 5.20 show the results of the identifi­
cation of the cycle during which main crack growth 
started, obtained from the use of this technique. A 
comparison between these figures and those obtained 
from the use of the fracture energy method is also 
given in each table. (Only five of the concrete beams 
are shown since this technique was employed after 
several specimens had already been tested).
In spite of the lack of reliability of this method in 
terms of success rate, it is important to note that 
out of ten successful tests, only two were in disagree­
ment with the results obtained in sections 5.4 and 
5.10.2. One of these (FIG 5.26(b) - BEAM 12B) showed 
two points of discontinuity. The second point was 
identified as the onset of main crack growth in sec­
tions 5.4 and 5.8.2, but FIG 5.26(b) suggests that 
there may have been two cracks. The other (FIG 
5.24(b) - BEAM SB) showed the onset of main crack
growth to be one cycle earlier than was found in 
sections 5.4 and 5.10.2. It is possible that the 
degree of micro-cracking present in the earlier cycle 
was sufficient to show up as damage, and thus suggest 
the development of a main crack. Alternatively, the
beam may have, through aggregate interlock, been able 
to absorb more energy than is normal following main 
crack growth, thus only shoving a drop in the j-in- 
tegral after main crack growth and not simultaneously 
with it. It is impossible to say which one of the
methods is correct in this case.
The author concludes that this technique could be far 
more useful if continuous measuring techniques were 
employed. A continuously recorded ultrasonic pulse
velocity measurement would serve the purpose of indi­
cating trends that would be impossible to determine 
from only two measurements per cycle. However, this 
was not possible since no such equipment was available 
at the time of testing.
It is also reasoned that ultrasonic methods may be of 
more value in tests which involve a large number of 
cycles (from one hundred to several thousand) since 
the damage is gradual in these cases. In tests such 
as those carried out in this dissertation, damage may 
be very sudden due to the limited number of cycles 
(less than 10) and the difference in pulse transit 
time from one cycle to the next is equally sudden, 
with a "grey area" in between. It is this "grey area" 
that is of particular importance in determining the
fusing energ. 
technique)
TABLE 5.20 IDENTIFICATION OF THE ONSET OP MAIN CRACK 
GROWTH (CRITICAL CYCLE) FOR MORTAR BEAMS 









IB NO DEFINITE POINT 6
2B 5 5
3B NO DEFINITE POINT 5
43 4 4
5B 4 4
6B NO DATA 5




NO DEFINITE POINT 6
5
5 .U CONCLUDING DISCUSSION
The major purpose of the work covered in Chapter 5 was 
to identify the onset of main crack growth during a 
fracture test and to provide a fracture parameter at 
this point. The following conclusions in this regard 
can be drawn:-
1. The design of instrumentation should be very care­
fully considered. A possible interference Zrom
/
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surface micro-cracking may have caused the strain 
profile irregularities discussed in Section 5.2. 
A remedy for this problem would have been to place 
the instrumentation clamps at a wider gauge 
length, thereby ensuring that surface micro-crack­
ing would not interfere with the LVDTs.
■"he J-integral seems to be useful for helping to 
identify the onset of main crack growth. The 
J-integral, calculated for each cycle and then 
plotted against the in-plane displacement at the 
notch tip for the same cycle, reached a peak for 
evry fracture test carried out. This peak (or 
rather the drop following a peak) was interpreted 
as the onset of main crack growth, (as explained 
in section 5.4)
The use of ultrae-nic pulse velocity measurements, 
when plotted against the J-integral provided a 
back-up for the results determined in 2. above.
The use of ultrasonic pulse velocity measurement 
as a technigue on its own proved to be of limited 
value for the tests conducted in this disserta­
tion. A lack of successful tests proved to be a 
major problem. However, out of a total of ten 
successful tests, eight yielded results in agree­
ment with those obtained in 2. above. The tech­
nique used the concept of permanent damage, and
evidence of sudden permanent damage was interpre­
ted as the onset of crack growtfi-
It was mentioned that the use of a continuous re­
cording system for recording pulse velocity would 
have been of more value than the limited equipment 
that was available for the work covered in this 
dissertation.
The J-integral, calculated as a cumulative value 
based on the envelope curve joining the peak load 
points for each cycle up to the cycle during which 
main crack growth began, can be thought of as a 
fracture toughness parameter relating to the point 
of initiation of main crack growth (Jc). Jc 
was found to be essentially the same for mortar 
and concrete.
Analysis of the curves for the J-integral versus 
notch tip displacement, and the J-integral versus 
cumulative change in peak ultrasonic pulse transit 
time according to the ASTM-813 method72, produ­
ced a fracture toughness parameter at the start of 
micro-cracking (Ji). J^ for concrete was 
found, within the scatter limits, to be approxima­
tely the same as Jj_ for mortar, and approximate­
ly 40% of Jc.
AAverage values show a tendency, in general,
to increase with increasing beam size thus support­
ing the finding by Alexander4 that the degree of 
micro-cracking was greater for larger beams. Ave­
rage Jc values also show a tendency, in general,
to increase with increasing beam depth. A lack of 
sufficient data and the inherent scatter present 
in the results render these tendencies approxima­
te, however. It should be mentioned that there is 
little agreement among researchers as to the depen­
dence of J on specimen geometry (see section
The notch tip displacement at the point of initia­
tion of main crack growth can be thought of as the 
crack opening displacement (COD) since the crack 
is propagating from the notch tip at this stage. 
The average COD for concrete is approximately the 
same as the average COD for mortar. The scatter
in these results was larger for concrete than it 
was for mortar (30% variation compared with 20%
variation). This is probably due to the heteroge­
neous nature of concrete when compared with mor­
tar. It should also be borne in mind that the COD 
measurements were taken in one position and on one 
side of the test beam only. Material irregulari­
ties could therefore be responsible for the large 
scatter in the case of concrete. The COD can be 
thought of as a fracture parameter at the start of 
main crack growth.
i. In most of the tests, peak load occurred before 
the initiation of main crack growth. This indi­
carrying capacity of concrete and mortar due to 
the presence of micro-cracking only. This reduc­
tion varied up 27% for concrete and up to 17%
Chapter 5 provides
crack growth. This is dealt with in Chapter 6.
/
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6. MATERIAL C n.-r.lCTBRISATION FROM FRACTURE ZONE
SIZE MEASUREMENTS
FIGURE LEGEND
The legend shown below applies to those figures which 
contain reference to the various fracture beams.
BEAM GEOMETRY CONCRETE MORTAR
d = 200 m C0/d - 0,2 1 5
d = 300 m n C0/d = 0,2 2 6
d - 200 m < y d  = 0,4 3 7
d = 300 mi 0 ^  - 0,4 4 8
TABLE 6.1 General figure legend.
6.1 INTRODUCTION
Fracture of a heterogeneous material like concrete is 
extremely complex. Cracking may occur by means of 
cleavage within the material leaving stress-free sur­
faces. Alternatively, gradual micro-cracking can ini­
tiate in areas of high stress concentration. This mi- 
crocraoking can occur, on a microscopic scale, either 
between the aggregate-matrix interfaces or within the 
matrix itself - initiated perhaps by drying shrinkage 
cracks or small air voids trapped during the mixing. 





Pour distinct stress zones may be identified in a not­
ched fracture beam4. FIG. 6.1 shows these as:
1. A destressed zone characterised by a stress-free
crack of depth c.
2. A micro-cracked zone, also called a fracture zone,
which includes a zone of aggregate pull-out, and
extends immediately ahead of the main crack tip. 
Stress transfer may occur within this zone.
3. An intact tension zone, in which the material is
essentially indamaged and stress-strain relation­
ships are linear. The stress at the limit of
this zone approaches the bulk tensile strength of 
the material.
4. A compression zone above the neutral axis in which
the material is also essentially undamaged and 
stress-strain relationships are linear.
FIG. 6.1 shows that the total tension zone consists of 
the micro-cracked zone and the intact tension zone. 
The residual ligament depth h is defined as the dif­
ference between the beam depth d and the stress free 
crack depth o. It is within depth h that strers 
transfer can occur.
The presence of a notch in a fracture beam has a pro­
found effect on the stress distribution in that beam
during fracture. It is therefore desirable that the
stress zones are 1 understood. Considering the
three zones described in PIG 6.1 the following is
The strain distribution within the micro-cracked zone 
is not linear and displacements relate to localised 
cracking. The stress-free zone below the main crack 
tip (or notch if main crack growth has rot yet been 
initiated) consists of either totally damaged material 
or no material at all (notch). For equilibrium within 
the beam, the force in the tension zone must balance 
that within the compression zone. But, since concrete 
is weaker in tension than it is in compression, the 
size of the tension zone must be greater than that of 
the compression zone. For a particular material, a 
characteristic relationship between the sizes of these 
two zones should exist. Experimental displacement re­
sults are analysed in this section in order to deter­
mine the characteristic relationship described above, 
and thereby to effect material characterisation at the 
start of main crack growth for both concrete and 
mortar.
6.2 TENSION AND COMPRESSION ZONE SIZES
The two zone depths are described by the following 
equations: (see FIG 6.1)
■Intact tension  zoneligament
height
dep th  Initial 
f  dep th
FIG 6.1 Definition of stress zones in a concrete or 
mortar beam during fracture (from ref 4).
ilationship
cracking, only the results . 
ed in the previous section)
growth for each beam, c is simply the notch depth for 
that beam. (Diagrams showing progressive micro-crack­
ing, up to the point of initiation of main crack 
growth, will be shown following the discussion on
z
1. The results have a best fit line, passing through 
the origin, with the equation
d - dna = 0,56 (dna - c) (6.3)
2. Scatter is present (coefficient of variation is 
13%) so the above equation can be regarded as a 
general trend.
3. The physical meaning of equation 6.3 is that the 
tension zone at the start of main crack growth is 
just under twice the size of the compression zone.
This shows the results for nine mortar beams.
1. The results have a best fit line with the equation
d - dna = 0,60 (dna - c) (6.4)
2. Once again the scatter is significant (coefficient 
of variation is 10%) - equation 6.4 is therefore a
3. According to the equations (6.3) and (6.4), the 
ratio of tensile to compressive zone sizes is 
slightly less for mortar than it is for concrete.
FIG'S 6.2 and 6.3 show lines which represent specific
material behaviour. The line for a perfectly linear
/
4-
elastic brittle material shows a linear stress distri­
bution, ie equal compression and tension zone sizes. 
Since concrete and mortar are guasi-ductile and inelas­
tic materials it is expecteti that they should lie well 
below the line Cor a perfectly linear elastic 
material.
It should also be noted that the average for the mor­
tar beams lies somewhat closer to the "ideal" line 
than the average for the concrete beams. While this 
difference is not great, it is consistent with the 
expectation that mortar more closely approximates a 
linear elastic material than concrete does. The line 
representing the relationship between compression and 
tension zone sizes in a beam during fracture can there­
fore be thought of as a material characteristic.
It should be mentioned that Alexander4, in his work, 
obtained an average value for the relationship between 
tension zone and compression zone sizes as follows;
d - dna = 0,461 (dna - c) (concrete only)
This means that the material tested in this work show­
ed a larger compression zone depth at the start of 
main crack growth (when compared with the tension zone 
depth), than that tested by Alexander4. This is
most likely due to the fact that the work in this


dissertation relates to the point of initiation of 
main crack growth while that of Alexander relates to 
conditions well after main crack growth. Since the 
state of damage (extent of cracking) of the material 
at the start of main crack growth is less than that 
well after main crack growth, the overall integration 
of tensile stress can be higher thus implying a 
smaller tension zone size.
FIG'S 6.4 and 6.5 show plots of progressive micro- 
cracking up to the point of initiation of main crack 
growth.
Several of the tests had their starting points lying 
on the line for a perfectly elastic material thereby 
indicating equal sizes of the compression and the ten­
sion zone. As these tests progressed, the tension
zone size increased as would be expected.
6.3 THE POSITION OF THE NEUTRAL AXIS DURING FRACTURE
The position of the neutral axis at the point of 
change-over from micro-cracking to main crack growth 
gives a good idea of the extent and positions of the 
tension and compression zones in the beam at this 
point. Section 6.3 deals with this by establishing a 
relationship between the neutral axis position and the 
geometrical parameter h, where h = d-c (residual 
ligament depth). h was chosen in order to facilitate 




FIG 6.4 Plot of compression versus tension zone 
sizes during progressive micro-cracking up 





From equations 6.3 and 6.4 the following relationships 
can be derived;
d-dna “ 0,56 (dna-c)
Which can be written as
(d-c)-(dna-c) » 0,56 (dna-c)
dna-c = 0,64 (d-c) (6.5)
(by the same process)
dna-c = 0,63 (d-c) (6.6)
PIG’S 6.6 and 6.7 show these relationships. Also 
shown is the neutral axis position Cor an ideal brit­
tle and elastic material (i.e. equal compression and 
tension zone sizes). It is important to note that the 
experimental points shown represent beams at the point 
of incipient fracture (i.e. point of change-over from 
micro-cracking to main crack growth). The results for
the mortar beams lie slightly closer to the ideal mate­
rial line than the results for the concrete beams. 
This is to be expected since mortar more closely ap­
proximates an ideal brittle and elastic material than 
concrete does, (see discussion in Section 6.2)
The physical interpretation of the above is that at 
the point of incipient fracture of a beam, the neutral 
axis lies above the notch tip, about two thirds of the 
distance between the notch tip and the upper face of 
the beam.
6.4 DETERMINING THE MICRO-CRACKED ZONE SIZE FROM 
THE DISPLACEMENT PROFILES
To accurately record the shape of the displacement pro­
file in a beam, many gauge points spread evenly over 
the fracture section would be necessary. This is ex­
tremely difficult since a shortage of space determines 
the maximum number of instruments that can be used. 
However Alexander4 proposes a simple method for over­
coming this problem as far as the determination of the
micro-cracked zone size is concerned. This method was
adopted for use in this work, and is described below:
fNOTE; Other more sophisticated techniques such as
Moir6 Interferometry and Laser Holography are
also possible, but were not available for this
main crack growth (concrete
Position of the neutral axis at the start of

The micro-cracked zone is bounded at one end by a 
stress-free crack tip and at the other by the transi­
tion from damaged to intact material. Depending on 
the degree of damage, the material will exhibit a cor­
responding stiffness. This will vary from the high 
stiffness of intact material to the low stiffness of 
cracked material. The micro-cracked zone will exhibit 
a stiffness at a particular point that is being con­
tinually reduced as the zone extends, until a limiting 
lower value is reached. This is usually when the 
micro-cracked zone has reached its full extent at that 
particular point. Therefore, two distinct stiffnesses 
can be identified:- that of fully intact material, 
and chat of fully damaged material. The micro-cracked 
zone will lie somewhere between these two extremes. 
Thus a point of discontinuity, marked by the intersec­
tion of two lines with slopes representing the stiff­
ness of intact and fully damaged material, should be 
an indication of the limit of the micro-cracked zone.
FIG. 6.8 shows a schematic strain profile which illu­
strates the theory outlined above. The construction 
required is executed as follows:
1. The slope of the displacement profile in the lower 
(i.e. notched and micro-cracked) portion of the 
beam represents the fully damaged stiffness. The 
line with this slope (Line A) is extended upwards.
If the displacement at measuring position Ns 2 is 
compressive, or does not exceed about lOOxlO"6 
tensD.e strain units then it is assumed that this 
point lies within fully intact material. The dis­
placement at position K “ 1 is always compressive 
and well within the "intact range". Therefore the 
displacement profile of intact material is given 
by the line joining the displacements at measuring 
positions N» 1 and N» 2. This line (LINE B) is 
then extended to meet the extension of Line A. 
The point of discontinuity thus formed represents 
the upper limit of the micro-cracked zone.
Since this construction is carried out on the cri­
tical cycle (cycle during which the micro-cracked 
zone reached maximum size) for each test, the 
crack length c is equal to the notch depth c (i.e. 
main crack growth has not yet begun).Therefore the 
difference in height between the notch tip and the 
limit of the micro-cracked zone (point of disconti­
nuity) is the depth of this zone.
This method fails if the displacement at measuring 
position H* 2 indicates a damaged material. The li­
mits a -e taken as being no greater than lOOxlO-6 
to 150X10"6 strain units4.
i
The displacement profiles of 16 beams (7 concrete and 
9 mortar) were analysed in this way. FIG's 6.9 and 
6.10 show the results plotted as a function of liga­
ment depth h. Points to note are:
1. These figures represent the fracture condition at
the point of changeover from micro-cracking to
main crack growth.
2. The best-fit straight line through all the results
(passing through the origin) for CONCRETE has the 
following equationi-
Micro-cracked zone depth - 0,424 h (6.7)
3. The best-fit straight line through all the results
(passing through the origin) for MORTAR has the 
following equation
Micro-cracked zone depth = 0,410 h (6.8)
4. A difference in results for beams of different geo­
metry was evident. However, because of the limit­
ed amount of data available, it is difficult to 
determine whether these differences are due to an 
actual trend or to experimental scatter.
Tables 6.2 and 6.3 show the results for different beam 
geometries. With the exception of the d - 3 00, c0/d 
” 0,4 beams in Table 6.3, consistency of results with­
in a given geometry was good.
Bearing in mind the scatter present in general, the 
following trend can be determined from Table 6.2:-
Concrete beams with smaller notch/depth ratios seem to 
have a smaller relative micro-cracked zone size than 
beams with larger notch depth ratios. For mortar this 
is unclear.
From equations 6.7 and 6.8 it can be seen that the 
overall average micro-cracked zone size is slightly 
smaller for mortar than it is for concrete. However, 
considering the scatter in these results, this diffe­
rence is not significant.
Alexander4 found the average micro-cracked zone 
depth for concrete beams tested in his work to be 
0,463 h and further found that beams of a large depth 
had larger relative micro-cracked zone sizes than 
beams of a small depth. It is significant that the 
overall average for the tests conducted in his wurk is 
very close to that obtained in this work. Alexander4 























56% of the size of the tension zone, while for mor­
tar the size of the compression zone is 60% of the 
size of the tension zone. These relationships can 
be regarded as a material characteristic at the 
point of initiation of main crack growth. It is 
to be expected that these materials behave in a 
non-linear fashion since they are quasi-ductile 
and have a stress distribution affected by the pre­
sence of a micro-cracked zone. It should be noted 
that the relationship for mortar lies slightly 
closer to an ideal linear - elastic brittle rela­
tionship (equal tension and compression zone 
sized) than the relationship for concrete. While 
this difference is slight, it is to be expected 
since mortar more closely approximates a linear 
elastic material than concrete does.
Plots of progressive micro-cracking up to the 
point of initiation of main crack growth showed 
that several of the beams had their starting 
points (first or second cycles) lying on the line 
for a perfectly linear - elastic material, thereby 
indicating equal compression and tension zone 
si.ses. As these tests progressed and significant 
micro-cracking occurred, the zone sizes deviated 
from this until they reached the situation de­
scribed in point 1. above.
X
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Plots of the neutral axis position at the point of 
initiation of main crack growth showed that, at 
this stage during fracture, the neutral axis lies 
above the notch tip, about two thirds of the dis­
tance betwe- the notch tip and the upper face of 
the beam. (This is true for both concrete and mor­
tar)
Distortion of t -plane displacement profile of 
the beams was used to determine the size of the mi­
crocracked zone in Ifi beams. This was found to be 
about 42% of the residual ligament depth for con­
crete and about 41% of the residual ligameftt depth 
for mortar. A difference in results for beams of 
different geometry was evident, but due to the 
limited amount of data it was difficult to deter­
mine whether this was du• to scatter or an actual 
trend. These results compare well with those of 
Alexander4 who found that (for concre*-s beams of 
a similar nature to those tested in this work) the 
micro-cracked zone size '^s about 46% of residual 
ligament depth. Ref'/ring again to the difference 
in results for beams of different geometry, the 
trend (bearing scatter in mind) for the concrete 
tests seems to show that beams with smaller notch 
depth ratios have a smaller micro-cracked zone 
size than beams with larger notch depth ratios.
7. DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE WORK
The purpose of this chapter is to summarise the conclu­
sions drawn in earlier chapters and to present an over­
all view of the work carried out for this disserta­
tion. The objectives are outlined, a summary of expe­
rimental results is given and finally conclusions and 
recomir.e.-idi'.fcions for further work are presented.
7 .1 OBJECTIVES
The main objectives for this work were prompted by the 
recommendation.; lor future research given by Alexan­
der4 in his earlier thesis. The most important 
message th.it came across from Alexander's work was the 
need for a fracture parameter at the yoint of initia­
tion of nain cva '.y. growth and characterisation of 
fracture behaviour =t this point. A literature study 
confirmee, this need and most researchers agreed that 
one of the most diEticult aspects of a fracture test 
is to j.dent.i fy the point of change-over from micro- 
crccXing to main crack growth in a test.
7.2 mammaa of experihbm'ial work
A total of 30 notched, rectangular beams of constant 
width 100mm and with depths of either 20Cmm or 300mm 
were tested. The spa.i C' depth ratio was kept 
constant at 3:1. Notch/de%.th ratios used were either
0,2 or 0,4 end all notches were cut after casting 
using a diamond tipped saw blade. Beams of concrete 
and mortar were tested. The fracture tes’ .i involved 
the use of a compression machine to load the beams in 
bending which rested on supports made as frictionless 
as possible.
Load cycling was carried out to induce stable crack 
growth. Deflections and loads at midspan were measur­
ed. LVDTs were used to monitor the surface displace­
ments across the fracture face. Transverse ultrasonic 
pulse measurements were recorded for each load cycle.
Materials control tests shows that, except for two 
beams in which the cube strength was slightly low, 
good quality control was achieved throughout the 
testing. Cube strengths varied from 36 MPa to 43 MPa
for concrete and from 32,5 MPa to 41 MPa for mortar. 
Elastic modulus values ranged from 33,5 GPa to 36,9 
GPa for concrete and from 27,0 GPa to 29,7 GPa for 
mortar.
7.3 SUMMARY OF RESULTS
7.3.1 IDENTIFICATION OF THE POINT OP INITIATION OF 
MAIN CRACK GROWTH
The placing of instrumentation should be carefully con­
sidered. Possible interference from in-plane micro-
/
■t
cracking may have caused the strain profile irregulari­
ties discussed in section 5.2. A wider gauge length 
should be considered.
The J-integral proved to be useful for identifying the 
onset of main crack growth. The J-integral, calcula­
ted for each cycle and plotted against the surface 
displacement across the notch tip, reached a peak for 
every fracture test carried out. This peak was inter­
preted as the start of main crack growth (as explained 
in section 5.4)
The use of ultrasonic pulse velocity measurements when 
plotted against the J-integral, provided a back-up for 
the results determined from the J-integral plotted 
against the surface displacements across the notch
The use of an ultrasonic pulse velocity technique 
utilising the principle of permanent damage to iden­
tify the start of main crack growth proved to be of 
limited value due to a low success rate in achieving 
conclusive results. Those results that were conclu­
sive did, however, compare well with the results 
obtained using the J-integral technique.
The J-integral, calculated as a cumulative cyclic 
value up to the point of initiation of main crack 
growth, can be thought of as a fracture parameter
cracking may have caused the strain profile irregulari­
ties discussed in section 5.2. A wider gauge length 
should be considered.
The J-integral proved to be useful for identifying the 
onset of main crack growth. The J-integral, calcula­
ted for each cycle and plotted against the surface 
displacement across the notch tip, reached a peak for 
every fracture test carried out. This peak was inter­
preted as the start of main crack growth (as explained 
in section 5.4)
The use of ultrasonic pulse velocity measurements when 
plotted against the J-integral, provided a back-up for 
the results determined from the J-integral plotted 
against the surface displacements across the notch 
tip.
The use of an ultrasonic pulse velocity technique 
utilizing the principle of permanent damage to iden­
tify the start of main crack growth proved to be of 
limited value due to a low success rate in achieving 
conclusive results. Those results that were conclu­
sive did, however, compare well with the results 
obtained using the J-integral technique.
The J-integral, calculated as a cumulative cyclic 
value up to the point of initiation of main crack 
growth, can be thought of as a fracture parameter
Bearing in 
results (cc
The notch tip displacement 
growth (COD) was found tc
k^ L:: '■ ■
(coefficient of variation 30%) than it was for mortar 
(coefficient of variation 20%). This was thought to 
be due to the heterogeneous nature of concrete when 
compared with mortar. The notch tip displacement can 
be thought of as a fracture parameter at the start of 
main crack growth.
In 80% of the tests, peak load occurred before the 
initiation of main crack growth. This indicates that 
there can be a reduction in load carrying capacity due 
to the presence of micro-cracking only. This 
reduction varied up to 27% for concrete and up tc 17% 
for mortar.
7.3.2 MATERIAL CHARACTERISATION FROM FRACTURE ZONE 
SIZE MEASUREMENTS
Both concrete and mortar beams showed unequal sizes of 
compression and tension zones at the point of ini­
tiation of main crack growth during fracture. For con­
crete, the size of the compression zone was 56% of the 
size of the tension zone, while for mortar the size of 
the compression zone was 60% of the size of the ten­
sion zone. It is thought that these relationships can 
be regarded as a material characteristic. The rela­
tionship for mortar was found to lie closer to the per­
fectly linear elastic material relationship than that 
for concrete. This was expected since mortar more 
closely approximates a linear elastic material than
!' /  
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concrete does, 
to the point of 
that several of 
ing on the line
Plots of neutral axis position at the start of main 
cr~ ;k growth shoved that the neutral axis lay above 
the notch tip, about two thirds of the distance be­
tween the notch tip and the upper face of the beam,
for both concrete and mortar.
In-plar sment measurements across the cracking
face —<bis were used to determine the size of
the misrc. ^ .-ed zone at the start of main crack 
growth. This was found to be about 42% of the resi­
dual ligament depth for concrete and about 41% of the 
residual ligament depth for mortar.
7.4 MAJOR CONCLUSIONS
1. Results from a total of 28 notched concrete and 
mortar beams of width 100 mm and with depths of
either 200 mm or 300 ram have been presented.
About 30% of these results could not be used for 
surface displacement results due to the probable 
interference of surface micro-oracking with 
instrumentation clamps. A remedy for this problem 
is thought to be the use of a wider gauge length.
Plots of progressive micro-cracking up 
initiation of main crack growth showed 
the beams had their starting point ly- 
for a perfectly linear - elastic mate-
V v  :
2. Both displacement and ultrasonic pulse velocity
measurements proved to be useful techniques for 
detecting the initiation of main crack growth, 
although the reliability of providing clear re­
sults was not as good as was hoped for with the
ultrasonic technique.
3. The J-integral, calculated from an envelope curve 
joining the maximum load points of each cycle up 
to the start of main crack growth, can be thought 
of as a fracture parameter Jc. Ja was found
to be essentially the same for mortar as for
concrete.
4. The J-integral, calculated according to the
ASTM-813 method70, can be thought of as a frac­
ture paranster at the start of micro-cracking
J^. J w a s  found to be essentially the same
for mortar as for concrete.
Both J0 and Jj were found to increase for an 
increase in beam depth and to decrease for a de­
crease in notch/depth ratio for both the concrete 
and the mortar beams.
The notch tip displacement (COD) can be thought of 
as a fracture parameter at the start of main crack 
growth. The COD for concrete was approximately 
the same as the COD for mortar.
It was found that a reduction in the load carrying
capacity of both concrete and mortar is possible
due to the presence of micro-cracking only.
Displacement measurements showed that relation­
ships between compression and tension zone sizes 
at the start of main crack growth can be thought 
of as characteristic of material behaviour. Both 
concrete and mortar were shown to depart from the 
ideal linear - elastic condition, with mortar be­
ing slightly closer to this condition than con­
crete. The tension zone was roughly twice the 
size of the compression zone in both cases.
Displacement measurements across the cracking face 
were used to determine the size of the micro-crack­
ed zone at the start of main crack growth. This
was 42% of the residual ligament depth for con­
crete and 41% of the residual ligament depth for 
mortar.
Scatter was a problem in all of the results. This 
meant that specific trends were difficult to iden­
tify and only general conclusions could be drawn. 
It is the opinion of the author that fracture 
tests on heterogeneous materials such &s concrete 
and mortar are of questionable value (due to 
scatter) if performed using a small number of 
cycles (less than 20). It is suggested that, due
tC
to the presence of large irregularities and flaws 
across the fracturing section, the change of beha­
viour from one cycle to the next can be drastic - 
with a grey area between. A method of testing 
involving a larger number of cycles (from 20 to 
several thousand) may, through the induction of 
gradual damage, help to reduce scatter such as 
that encountered in the tests carried out for this 
dissertation.
7.5 OVERALL EVALUATION AND DISCUSSION
In spite of the considerable inherent scatter present 
in the results obtained for this dissertation, and the 
limited amount of data available, it was possible to 
identify general trends which were consistent, in most 
cases, for Uoth concrete and mortar. Agreement with 
results obtained by Alexander* was also apparent. 
From the literature survey conducted, it was clear, 
however, that there is very little agreement amongst 
researchers in the field of fracture mechanics for 
cemented materials.
It is quite possible that the effects of specimen type 
and testing methods, could greatly affect the results 
obtained for a particular material. What is required, 
therefore, is a standardisation for both specimen type 
and testing method and subsequent comparison of re­
sults obtained by various researchers.
Even with this standardisation, however, the heteroge­
neous nature o£ cemented materials will continue to 
introduce con’ Jerable scatter into the results 
obtained for any test. Until a complex sat of frac­
ture models has been developed to explain the fracture 
processes in these materials, fracture mechanics for 
cemented materials will remain an academic rather than 
an engineering pursuit.
7.6 RECOMMENDATIONS FOR FUTURE RESEARCH
1. Pursuit of the use of ultrasonics as a means of
detecting the degree of micro-cracking and the 
onset and degree of main crack growth.
2. Investigation into the surface spreading of the 
micro-cracked zone.
3. Investigation of the development of more than one
main crack during cyclic loading.
4. Investigation into testing methods which, by their
nature, reduce experimental scatter to a point
where accurately conclusive trends can be identi-
Ordinary Portland cement, obtained during May 1986 in 
a single batch from the Anglo-Alpha cement factory in





itive Density (R.D )
:e Bulk Density (L.B.D.)
This stone falls, geologically, into the rocks
average, about 0,055% withMortar shrinkage is,
mortar. The average properties, accor-
The mortar shrinkage for this sand is low and varies
All the aggregate material; weigh-batched using
40 litre capacity hori-
period of about 30 seconds. Mixing
Crete and mortar varied from 30mm to 50mm and 4 0mm to 
60mm respectively which allowed placing by hand and 
moderate mechanical vibration.
A.3 CASTING AND CURING
A.3.1 MOULDS
The four inch cubes and four inch x eight inch Youngs 
modulus prisms were cast in standard steel moulds.
The fracture beams were cast on their sides on shutter- 
board on the floor. The sides of the moulds were made 
from 100mm deep shutterboard sections bolted onto rec­
tangular double-angle steel frames. Spacer boards 
were used to form the ends of the beams and were held 
in position by carpenters clamps. The side shutters 
were clamped at each end with threaded rods.
A.3.2 CASTING PROCEDURE
The beams were all cast in a horizontal position on 
the laboratory floor. Great care had to be taken to 
ensure that the mould base was horizontal so as to 
eliminate any twist in the beams. The moulds were 
filled from drums brought from the pan mixer. A smal.- 
poker vibrator was used to ensure proper compaction. 
Vec.-y little bleed was detectable for any of the beams.
vibrating table for
immediately after casting, the specimens we.re coverec 
with plastic sheeting for about twenty foui: hours. 
The moulds were then stripped, and the beams and theii
damp hessian cloth and plastic sheeting. The hessian 
was kept damp until testing time. All of the curing 
took place in a high humidity room with the tempera-
APPENDIX B
DETAILS OF EXPERIMENTAL APPARATUS
B.l DEFLECTION RIG
The deflection rig to support the midspan deflection 
LVDT was originally fabricated by Alexander4, but 
needed modification for use in the experimental work 
for this thesis.
The rig was manufactured primarily from 25 x 3mm steel 
angle and 20 x 3m flat steel strip. Other components 
included threaded rods to act as spacers or support 
pins. The entire rig was bolted together, and was ful­
ly adjustable for different sized fracture beams. This 
was achieved by having movable end euppports. FIG B.l 
shows rhe rig set for a 900mm long beam. The modifica­
tion to the rig consisted of an "L-shaped" adjustable 
stiff steel tubing which was attached to the top of 
the rig. The L-shape was arranged in such a way that 
a single LVDT could be supported directly underneath 
the centre of the beam in order to measure itiidsr?" 
deflection. This can be seen in FIG B.l.
^   a . ___

power supply
1 by Metronix Corporation, Tokyo, Japan, 
red by 220V A.C. Mains Voltage.
360mm (X scale)
MULTI CHANNEL RECORDER
Linearcorder Hark VII WR3101, Made by Graphtec Corp., 
Tokyo, Japan.
Six channels of varying paper width, electronic heat. 
Accuracy: within ±0,5% over full
Sensitivity: + 2,5V/cm. 
14 SpeedsVariable Chart Speed:
8.3.3 ULTRASONIC PULSE EQUIPMENT
Dr Steinkamp Ultrasonic
Tester, BP IV.
Natural frequency of 
Standard transducers: 40-50 Hz
Frequency response: 20-200
Transducers (pulse trans­
mitter and receiver): electro-acoustical type
liquid crystal display of 
transit time in ps.
APPENDIX C
RECORDS OF TEST RESULTS
Tables C.l and C.2 show the results Cor all the tests 
carried out for this dissertation.
FIGs C.l to C.4 show the plots of the J-integral 
versus surface displacement at the notch tip, the 
J-integr?l versus cumulative difference in peak ultra­
sonic pulse transit time, and linear regression to 
evaluate according to the ASTM-81370 method.
its for maximum force c 
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